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GENERAL INTRODUCTION 
Phosphorylation of proteins is regarded as one of the 
most important mechanisms of regulating protein function. In 
recent years regulation by phosphorylation-dephosphorylation 
has been implicated in systems as diverse as protein turnover 
and insulin action. Much of our knowledge of control by 
phosphorylation comes from studies of the first enzyme found 
to be regulated in this way, phosphorylase. In the early 
1940s, Cori and Green reported that phosphorylase exists in 
two forms, one active without AMP (phosphorylase a), and the 
other requiring AMP for activity (phosphorylase b) (1). It 
was not until the mid-1950s, however, that it was shown that 
phosphorylase was controlled by enzyme-catalyzed reversible 
phosphorylation (2,3). The enzyme responsible for catalyzing 
the phosphorylation and activation of phosphorylase is known 
as phosphorylase kinase. Although phosphorylase kinase was 
the first protein kinase known to modulate another enzyme's 
activity by phosphorylation (4), and has thus received 
considerable research attention, there are many unknowns 
regarding the structure, function, and regulation of phos­
phorylase kinase. The explanation for this incomplete 
knowledge of phosphorylase kinase lies in its complexity, 
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both in regulation and in structure. 
Two major pathways for the regulation of glycogenolysis 
involve phosphorylase kinase. The first pathway involves 
hormonal control of glycogenolysis. In addition to 
activating phosphorylase through phosphorylation, it was 
found that phosphorylase kinase itself is regulated through 
phosphorylation-dephosphorylation (5), a discovery that 
eventually led to the identification of cAMP-dependent 
protein kinase (6). In 1950, Sutherland demonstrated that 
both epinephrine and glucagon stimulated glycogenolysis in 
liver slices (7). Thus, a cascade pathway of hormonal 
stimulation of glycogenolysis was proposed which involved 
increased cAMP levels in the presence of epinephrine or 
glucagon causing activation of cAMP-dependent protein kinase, 
which activates phosphorylase kinase, which activates 
phosphorylase, which catalyzes the breakdown of glycogen. 
In addition to being a key component of the hormonal 
cascade pathway regulating glycogenolysis, phosphorylase 
kinase also is involved in the neural (8,9) and «-adrenergic 
hormonal control (10,11) of glycogenolysis. Both of these 
control systems are thought to be mediated through the same 
second messenger, Ca^^, phosphorylase kinase is regulated by 
Ca+2 in at least two ways. It has an essentially absolute 
requirement of Ca"*"^ for activity and is thus highly 
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responsive to intracellular Ca+2 levels (12). Also, 
calmodulin, in the presence of Ca^2, binds and activates 
phosphorylase kinase (13). Because Ca+2 concentrations also 
control muscle contraction, phosphorylase kinase is thought 
to help coordinate muscle contraction with glycogenolysis. 
Phosphorylase kinase is a very large and complex enzyme, 
having a total of sixteen subunits. There are four different 
types of subunits, with a stoichiometry of (a/SrS)^ (13). Two 
isozymes for the largest subunit have been identified, 
designated a and a'. The apparent molecular weights for the 
a, a', and g subunits are 145,000, 140,000, and 128,000 (14), 
respectively, although other values have been reported (15). 
Values for the r (44,673) and <5 (16,680) subunits, based on 
sequence analysis, were reported (16,17). The molecular 
weight of the holoenzyme is, therefore, approximately 1.3*10® 
(14,18). Some of the characteristics of the individual 
subunits of phosphorylase kinase are known. The ô subunit is 
identical to bovine uterus calmodulin and differs from bovine 
brain calmodulin in only two amide assignments (17). It is 
therefore thought to be involved in providing Ca+2 
sensitivity to the enzyme. The r subunit was shown to 
contain a catalytic site through isolation of the active ayS 
and r<5 subunit complexes (19,20), and isolation of the active 
r subunit alone (21). This subunit also shares primary 
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sequence homology with the catalytic subunit of cAMP-
dependent protein kinase (16), which is further evidence 
supporting the theory that the r subunit has catalytic 
activity. Sites on both the « and g subunits are 
phosphorylated by cAMP-dependent protein kinase or by 
autophosphorylation, resulting in activation (14). Thus, 
these subunits are thought to be regulatory in function, 
although there is indirect evidence suggesting that they also 
may have catalytic activity. 
By far the most thoroughly studied phosphorylase kinase 
activity is from rabbit skeletal muscle, and it is this 
source that most of the studies described here used. 
Phosphorylase kinase has been purified from several other 
tissues. These enzymes share many similar characteristics 
with respect to enzymic activities, regulation, and physical 
properties (15). 
Dissociation of the holoenzyme 
With an enzyme having the structural and regulatory 
complexity of phosphorylase kinase, it is important to 
determine the roles of the individual subunits to gain 
understanding of how the integrated unit of the holoenzyme 
functions. Efforts have thus been made to dissociate the 
enzyme in such a way that isolated subunits still in their 
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native structure could be recovered. Of course, harsh 
dénaturants such as SDS separate the subunits, but the native 
form of the proteins are lost, along with the enzymatic 
characteristics sought. Some of the milder conditions tried 
unsuccessfully were molar concentrations of the salts NaCl, 
NaClO^, KI, KBr, NH4NO3, and LiBr, 0.1 mM NaNOg, the 
chelators EDTA and EGTA, cationic reagents such as 10 mM 
spermine, 1 mM Mg+2, and 2 mM Ca"*"^, the carbohydrates 
maltotetraose (1%) and hydrolyzed amylose (5%), and buffers 
such as glycerol phosphate, HCOg", Hepes, Tris, or glycine at 
low ionic strength from pH 6.0 to pH 10 (22,23). Many of 
these substances caused aggregation but no evidence for 
dissociation was found. Substrate-induced dissociation was 
tried using 3.4 mg/ml phosphorylase b or ATP, but neither 
resulted in dissociation of the holoenzyme (22). Limited 
tryptic digestion of the holoenzyme yielded a 22S species 
(nearly identical sedimentation coefficient as observed for 
the holoenzyme) that could be dissociated to lower molecular 
weight active species in the presence of ATP at 5", but it 
was not clear from which subunit the catalytic activity was 
derived (22). 
Finally, Skuster et al. (19) and Chan and Graves (20) 
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were successful in isolating subunit complexes of and arô 
by incubation with LiBr at low temperature. The complex 
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was isolated by incubating native, nonactivated phosphorylase 
kinase for 6-7 hr at 0° in the presence of 1.8 M LiBr. The 
yô complex was prepared in a similar manner, except a longer 
incubation time of 18-24 hr was needed. The ax5 complex was 
purified by a combination of gel filtration and ion exchange 
chromatography whereas the yô complex was purified with gel 
filtration and affinity chromatography with a Cibacron Blue 
P36-A ligand. Both the y5 and ayô complexes were 
catalytically active. Because the <5 subunit is identical to 
calmodulin and has no known enzymatic activity of its own, 
these studies gave conclusive evidence that the r subunit 
contains a catalytic site. 
The difficulty encountered in attempts to dissociate 
phosphorylase kinase indicate that the different subunits are 
held tightly within the holoenzyme. In fact, for the <5 
subunit to be a part of the holoenzyme at all is unusual. 
For most calmodulin-regulated enzymes, only the Ca+2-bound 
form of calmodulin associates with the regulated enzyme to 
modulate activity (24). The 5 subunit, however, remains 
bound to the holoenzyme under normal conditions regardless of 
Ca+2 concentration (25). Several other lines of evidence 
suggests that the interaction of the 6 subunit with the 
holoenzyme, and especially the y subunit, is unusual. When 
the holoenzyme was electrophoresed under denaturing 
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conditions (8 M urea), the ô subunit remained associated with 
the r subunit unless Ca+2 was removed (26). When 
phosphorylase kinase was incubated with exogenous ^^C-
calmodulin in the presence of EGTA, exchange was only 15% per 
week (26). Finally, activities of the holoenzyme and the ayS 
or rS complexes are not significantly affected by 
concentrations of trifluoroperazine, an antipsychotic drug 
that greatly inhibit the action of calmodulin in other 
systems (27). 
The catalytic subunit(s) 
There is little doubt that the y subunit contains a 
catalytic site. However, the a and /3 subunits, or subunit 
complexes containing no r subunit, have not yet been obtained 
in their native states, so it is not possible to say 
positively that the a or |3 subunits do or do not have 
catalytic sites. There are, however, studies that indirectly 
support a multiple active site theory. Fischer et al. 
phosphorylated the a and /3 subunits with 3%?, removed the [f-
32p]ATP, and then digested the labeled enzyme with 
Staphylococcus aureus V8 protease and chymotrypsin to obtain 
a phosphorylated, active fragment with a Mr of 33,000 (28). 
Because the r subunit was not phosphorylated in the 
unproteolyzed starting material, they concluded that the 
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active fragment was not derived from the r subunit. Inasmuch 
as the a subunit appeared to degrade faster than the /3 
subunit to fragments of a Mr of 22,000 or less, the evidence 
seems to support the presence of an active site on the /3 
subunit. This study is incomplete, however, because no 
positive and direct identification of the active fragment was 
given. The phosphorylated sites of the active fragment, for 
example, were not sequenced so that a comparison with the 
phosphorylated sites of the (3 subunit could be made. 
Another basis for contention that the /3 subunit has 
catalytic activity comes from work with ATP analogs. Using 
alkylating ATP analogs modified in the triphosphate moiety, 
Gulyaeva et al. found that modification of the g subunit 
correlated well with inactivation of phosphorylase kinase, 
while r subunit modification had little effect on activity 
(29). Also, two photoaffinity ATP analogs, 8-azido ATP and 
its 2', 3'-dialdehyde derivative, preferentially labeled the 
j3 subunit over the y subunit, despite the fact that both can 
be used as substrates (30,31). Labeling of the /3 subunit was 
accompanied by inhibition of activity, but it could not be 
determined whether the j3 subunit site was allosteric or 
catalytic, given the complexity of the enzyme and labeling 
patterns observed. Since these studies were performed, it 
was shown that the holoenzyme contains two high-affinity ADP 
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binding sites per a/3r5 tetramer (32). One of these sites, 
which was proposed to be on the g subunit, is an allosteric 
site. At 400 /uM ATP and other specific conditions of buffer, 
pH, and Mg+2 concentrations, ADP concentrations up to 200 /zM 
activated the enzyme, whereas higher concentrations inhibited 
activity. Inhibition presumably was caused by binding at the 
other ADP binding site. If the second ADP binding site is 
the substrate binding site, then higher concentrations of ADP 
would more effectively compete with the substrate, ATP, 
causing inhibition to occur. The most likely location for 
the second ADP binding site was thus considered the r subunit 
catalytic site, but because of indications that the (3 subunit 
might have two adenine nucleotide binding sites (31,29), one 
possibly being a catalytic site, further studies are needed 
to positively determine the location of this site. 
Multiple active sites were also suggested from studies 
of phosphorylase kinase phosphorylation of proteins other 
than phosphorylase b. Although phosphorylase conversion is 
the only phosphorylase kinase-catalyzed reaction of known 
physiological significance, other proteins, such as 
phosphorylase kinase itself (33), troponin T (34), troponin I 
(35), glycogen synthase (36), «-casein (37), histone HI (38), 
myelin basic protein (39), and proteins from the sarcoplasmic 
reticulum (40), sarcolemma (41), soluble and microsomal 
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fractions of rat liver (42), and synaptic vesicles (43), are 
phosphorylated by phosphorylase kinase in vitro. In 
comparing phosphorylase kinase phosphorylation of two 
different substrates, Dickneite et al. observed that 
antibodies to phosphorylase kinase inhibited phosphorylase b 
phosphorylation in an uncompetitive manner, while the same 
antibodies inhibited troponin T phosphorylation in a 
competitive manner (44). Risnik et al. subsequently showed 
that in the purification procedure commonly used, a troponin 
T kinase contaminates the preparation (45). This troponin T 
kinase could be separated from phosphorylase kinase, and it 
was shown that the two kinases phosphorylate two different 
sites on troponin T. Thus, the results of Dickneite et al. 
might be explained by the presence of a contaminant kinase, 
rather than the proposed existence of multiple active sites 
on phosphorylase kinase. King and Carlson reported that the 
degree of phosphorylase kinase inactivation caused by 
treatment with an ATP analog was different depending on which 
protein substrate was used to measure activity (46). Whereas 
inactivation proceeded at the same rate with phosphorylase b 
and glycogen synthase as substrates, activity decreased much 
more rapidly with phosphorylase b as a substrate than with 
troponin I or T as substrates. The authors proposed a model 
to explain these results where glycogen synthase and 
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phosphorylase b are preferentially phosphorylated at one type 
of catalytic site while troponin I and T are phosphorylated 
by another active site. 
Kilimann and Heilmeyer have proposed the existence of 
more than one active site from work describing three 
presumably independent activities of phosphorylase kinase 
which they termed AQ, , and A2 (47,48). These activities 
were distinguished by the different effects of Ca+2, Mg"*"^, 
NH^Cl and pH. Also, these activities appear to have 
different substrate specificities based on their ability to 
phosphorylate phosphorylase b, phosphorylase kinase itself, 
and troponin I or troponin T within a troponin complex 
containing troponin I, troponin T, and troponin C. The AQ 
activity, which is essentially Ca+2-independent and is only 
0.1 to 1% of the total phosphorylase kinase activity, 
phosphorylates phosphorylase b, troponin I and phosphorylase 
kinase itself. A^ (expressed at intermediate Ca^^ 
concentrations and constitutes most of the pH 6.8 activity) 
phosphorylates only phosphorylase b and phosphorylase kinase, 
while Ag (expressed at high Ca*^ and is more prominent at 
high pH) acts only on phosphorylase b and troponin T. The 
differences in substrate specificity, for troponin subunits 
at least, can be explained by substrate-directed effects that 
the different conditions may cause. It has been established 
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that the phosphorylations of troponin I and T by 
phosphorylase kinase are altered in the presence of troponin 
C and Ca+2 (49). Troponin C shares homology with calmodulin 
and its strength of binding with troponin T and troponin I is 
Ca+2 dependent (50). The interaction of troponin C with 
troponin I was proposed to mask the troponin I 
phosphorylation sites (49). Thus, the changes in substrate 
specificity at different Ca+2 concentrations may be caused by 
effects of Ca+2 on interactions within the troponin complex, 
rather than effects on phosphorylase kinase. Finally, 
further indirect evidence for multiple catalytic sites is 
derived from structural and sequence studies. Monoclonal 
antibodies to the a, (3, and y subunits show cross-reactivity, 
indicating similar structure and/or sequences at specific 
epitopes (51). Also, some sequence homology exists between 
the N-terminal region of the a subunit and that of the 
transforming protein of the Rous sarcoma virus (52), a 
tyrosine kinase. 
The idea of multiple active sites within one enzyme is 
intriguing and, given the large size of the a and (3 subunits, 
it seems possible that their functions include more than just 
regulation. The data supporting a second site presented to 
date, however, is ambiguous and does not require that 
multiple active sites be proposed. In fact, much of this 
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evidence can be explained if it is assumed that complex 
interactions occur within the phosphorylase kinase molecule 
that alter a single active site differently, depending on the 
conditions used. Strong evidence for a single active site, 
at least with the substrate, phosphorylase b, is that the r<5 
and ayô subunit complexes isolated from the holoenzyme with 
LiBr are as active, on a molar basis, toward phosphorylation 
of phosphorylase b as is the holoenzyme (53). Thus, the r 
subunit does not need the a or /3 subunits for full activity 
toward phosphorylase b conversion. Also, it was demonstrated 
that the yà complex does phosphorylate the a and g subunits 
of phosphorylase kinase (53), indicating that the 
autophosphorylation reaction is probably catalyzed by the r 
subunit. Again, the theory of multiple active sites awaits 
direct confirmation. 
pH effects 
Phosphorylase kinase is regulated in several ways. For 
nonactivated phosphorylase kinase, the form of the enzyme 
after purification, changes in activity in the range of pH 6 
to 9 are very dramatic (54). At physiological pH (6.8 to 
7.0) the enzyme has very little activity because of its low 
affinity for phosphorylase b. Higher pH activates the enzyme 
so that pH around 8.2 is optimal. When phosphorylase kinase 
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is phosphorylated by cAMP dependent protein kinase, activity 
at physiological pH increases up to 50-fold, while activity 
at pH 8.2 is only increased about 2-fold. Thus, the active 
state of the enzyme is often determined by a ratio of 
activity at pH 6.8 to activity at pH 8.2. The pH ratio of 
nonactivated phosphorylase kinase is 0.01-0.05, and that for 
activated phosphorylase kinase (phosphorylated either by 
itself or by cAMP-dependent protein kinase) is 0.3-0.5 (54). 
Proteolysis and dissociation also effect the pH ratio of 
phosphorylase kinase. Proteolytic degradation of the a and j3 
subunits results in a pH ratio of 0.7-1.0 (54), and the pH 
ratio of the ar<5 and 7Ô subunit complexes derived from the 
holoenzyme upon treatment with LiBr are 0.5-0.6 and 0.9-1.0, 
respectively (20). Thus, activity at physiological pH is 
increased by phosphorylation of the a and g subunits and by 
their removal either through proteolysis or dissociation. It 
seems clear that the a and /3 subunits regulate phosphorylase 
kinase activity by restricting activity at low pH. 
Phosphorylation, one of the major forms of regulation in 
vivo, releases these restrictions. 
Regulation by Ca+2 
An important aspect of phosphorylase kinase regulation 
is its essentially absolute requirement for Ca+2 (12). In the 
15 
glycogen pellet, which is considered a good approximation to 
the conditions in vivo and consists of glycogen particles, 
enzymes involved in glycogen metabolism, and sarcoplasmic 
reticulum fragments, a Ka for Ca+2 of 2 iiM was determined 
(55). This value implies that Ca+2 is a regulator in vivo, 
because resting muscle intracellular free Ca+2 was estimated 
at 0.1 juM and upon stimulation of muscle contraction Ca+2 
levels rise to 1 to 10 juM (56). Thus, the allosteric 
regulation of phosphorylase kinase by Ca+2 may help 
coordinate muscle contraction with increased energy 
production through glycogenolysis. 
Although both activated and nonactivated phosphorylase 
kinase have a near absolute requirement for Ca+2, the" 
different forms of the enzyme have different Ca+2 
sensitivities. Phosphorylase kinase activated by cAMP-
dependent protein kinase has a lower Ka for Ca+2 by 15- to 
30-fold (57), and the Ka of proteolytically activated 
phosphorylase kinase for Ca+2 is reduced by as much as 300-
fold (57). Also, the activated phosphorylase kinase seems to 
require only 1 to 2 mole Ca+2 per mole tetramer for 
activation to occur, while the nonactivated phosphorylase 
kinase requires 3 moles Ca+2 per mole tetramer (57). After 
limited proteolysis of phosphorylase kinase by trypsin, there 
is no absolute requirement for Ca+2, and 25% of the activity 
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remains in the presence of EGTA compared to the activity in 
the presence of saturating Ca+2 (57). This is consistent 
with studies on the «rô and complexes, which demonstrate 
30% retained activity in the presence of EGTA (53). Thus, 
the a and /3 subunits are important in the Ca+2 regulation of 
phosphorylase kinase in that, at low Ca+2 concentrations, 
these subunits restrict enzyme activity. When they are 
partly removed by proteolytic degradation or totally removed 
by dissociation this restriction is lifted and the enzyme 
expresses activity even in the absence of Ca+2. 
Phosphorylation of these two subunits also removes some of 
the restrictions, because lower Ca*2 concentrations are then 
needed, for activity. It thus seems likely that through 
direct or indirect interactions with the ô subunit, different 
conformations of the a and |3 subunits effect both the 
affinity for Ca+2 on the ô subunit and the quantity of bound 
Ca+2 needed for maximal activity. 
In addition to Ca+2 binding at the ô subunit, 
phosphorylase kinase activity is further stimulated by Ca^  ^
through binding of exogenous calmodulin (13), termed Ô', or 
troponin C (58), a Ca^^-binding protein 50% homologous to 
calmodulin. Interaction of calmodulin with phosphorylase 
kinase occurs at both the a and g subunits and is Ca+2-
dependent, unlike the binding of the «5 subunit with the r 
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subunit in the holoenzyme (26). Also unlike the 5 subunit, 
activation by exogenous calmodulin is blocked by addition of 
other calmodulin binding proteins (which compete for 
calmodulin) and by phenothiazines (13,58). 
Purpose 
Much progress has been made on the elucidation of 
various structure-function relationships of phosphorylase 
kinase, but there are still many questions. To obtain a 
greater understanding of phosphorylase kinase, more 
information regarding its catalytic and regulatory properties 
is needed. One way of doing this is to study the catalytic 
activity of phosphorylase kinase in the absence of any 
inherent regulatory mechanisms. In this way the catalytic 
properties of the enzyme in a totally unregulated state can 
be determined and regulatory mechanisms may be identified by 
their absence. The r subunit is known to have catalytic 
activity but it has never been isolated in its native 
conformation and free of all phosphorylase kinase regulatory 
subunits. The goal of this work was to isolate the r subunit 
and determine its properties to reach a greater understanding 
of the enzyme as a whole. 
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Explanation of dissertation format 
This dissertation follows an alternate format in which 
there are two sections after the General Introduction. The 
first section, which has been published in the Journal of 
Biological Chemistry, describes the isolation of an active y-
calmodulin complex and the active r subunit alone. Enzymatic 
properties of each of these species are described and some 
insight into the refolding of proteins and the /-calmodulin 
interaction is given. 
The second section, which was submitted to the Journal 
of Biological Chemistry for publication, describes more 
thoroughly the enzymatic properties of the isolated, active y 
subunit. 
Finally, a general discussion of the entire dissertation 
and an outlook for further research in this area is offered. 
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ABSTRACT 
A catalytically active r subunit of phosphorylase 
kinase was prepared from pure, but inactive r subunit 
obtained by reverse-phase high pressure liquid chromatography 
(HPLC). The HPLC procedure leaves the isolated r subunit in 
50% acetonitrile and 0.09% trifluoroacetic acid (pH 2.5), and 
assay of this species at pH 8.2 indicates that it is 
inactive. Reactivation occurred, however, when the 
HPLC-isolated r subunit was diluted into an ice-cold, pH 8.2 
buffer containing both calcium and calmodulin. Optimum 
reactivation depended on time, temperature, concentration of 
the HPLC solvent components, r subunit concentration, pH, the 
presence of both calcium and calmodulin, and an additional 
protein such as bovive serum albumin or phosphorylase b. 
Studies of the reactivated r subunit in the presence of the 
reactivation mixture indicate that this sample has properties 
similar to a y5 subunit complex. Like the yJ subunit 
complex, the catalytic activity of the reactivated r subunit 
species is not significantly affected by pH within the range 
of pH 6.8 to pH 8.2 and is inhibited 70% by removal of Ca+2. 
A reactivated r subunit free of calmodulin was also 
obtained. This was done by first substituting agarose-bound 
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calmodulin for free calmodulin in the reactivation procedure 
described above and, then, elution of the r subunit from the 
calmodulin-agarose with a solution containing 1.0 M Tris-Cl 
(pH 7.0), 1% Triton X-100, 1 mM EGTA, and 5 mM 
dithiothreitol. The activity of the isolated, active r 
subunit is insensitive to Ca+2 and is stimulated 1.4-fold in 
a calcium-dependent manner by the addition of calmodulin. 
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INTRODUCTION 
Phosphorylase kinase is an enzyme crucial to the 
regulation of glycogenolysis in many animal tissues (1,2,3). 
It catalyzes the phosphorylation of phosphorylase b, convert­
ing it to phosphorylase a, which is active in the absence of 
AMP (4,5). Both neural and hormonal stimulation of 
glycogenolysis involve phosphorylase kinase. In response to 
hormonally induced elevated levels of cAMP, two of its four 
types of subunits, a and /3, are phosphorylated by 
cAMP-dependent protein kinase, resulting in stimulation of 
phosphorylase kinase activity at physiological pH (6,7). 
Neural or «-adrenergic control is explained by an increase in 
intracellular calcium levels (8,9,10). Phosphorylase kinase 
has an absolute requirement of calcium for activity (11) and 
there are two ways in which it can be affected by calcium 
ions. The first, which concerns the calcium-dependent 
activity, is probably through calcium binding to another 
subunit of phosphorylase kinase, the 5 subunit (12,13), which 
in rabbit muscle is identical to bovine brain calmodulin 
except for two amide substitutions (14). The second 
mechanism of calcium stimulation is through free calmodulin. 
Exogenous calmodulin binds in a calcium-dependent manner to 
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sites on the a and g subunits, increasing the phosphorylase 
kinase activity approximately 5-fold (15,16). Thus, 
phosphorylase kinase is highly sensitive to changes in 
calcium ion levels, possibly allowing it to couple glyco-
genolysis with the calcium-dependent muscle contractile 
system. 
The subunit stoichiometry of phosphorylase kinase is 
(17), giving it a final molecular weight of 1.3*10®. 
The apparent molecular weights of the subunits are: a, 
143,000; g, 129,000; 7, 45,000; 5, 17,000, but other values 
also have been reported (2). Besides the <5 subunit, the r 
subunit has also been sequenced, and its primary structure 
shows significant homology to the catalytic subunit of 
cAMP-dependent protein kinase (18). This agrees well with 
dissociation studies indicating that the r subunit contains a 
catalytic site for phosphorylase kinase activity (19,20). 
These studies used molar concentrations of LiBr at 0® for 
long periods to isolate catalytically active subunit 
complexes of ayS and That this method was the first of 
several attempts to be successful at dissociation of phos­
phorylase kinase under nondenaturing conditions (21,22) 
testifies to the strong association between subunits in this 
complex enzyme. This is especially true for the interactions 
between the ô subunit (i.e., calmodulin) and the other 
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subunits of phosphorylase kinase. Removal of calcium from 
most calmodulin-stimulated enzymes releases calmodulin from 
the regulated protein (23), but for phosphorylase kinase, 
this is not true (12). Also, the <5 subunit will not dis­
sociate from the j subunit and the rest of the holoenzyme 
under denaturing conditions (8M urea) unless EGTA is added 
(15). Further evidence of the unusual binding of 8 in phos­
phorylase kinase is that the intrinsic calcium-stimulated 
activity in nonactivated phosphorylase kinase and the «r5 and 
yô subunit complexes is relatively insensitive to the 
calmodulin-binding, antipsychotic drug, trifluoperazine (24). 
The catalytic activities of other calmodulin-stimulated 
enzymes, including phosphodiesterase (25) and phosphorylase 
kinase when stimulated by exogenous calmodulin (17), are 
markedly inhibited by trifluoperazine. 
Although active yô and ayô subunit complexes of 
phosphorylase kinase have been isolated and characterized, 
the r subunit alone has never been isolated in its native 
state. Thus, it is not known if the free y subunit is 
inherently active or if it is inactivated when separated from 
the Ô subunit. In this paper, the isolation and partial 
characterization of an active y subunit is described. Pure, 
inactive y subunit was obtained by using a new reverse-phase 
HPLC method described by Crabb and Heilmeyer (26). The 
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HPLC-purified y subunit was reactivated in the presence of 
calmodulin and calcium, at low temperature, high pH, and 
dilution of the HPLC solvents. When calmodulin bound to 
agarose was used in the reactivation mixture, active r 
subunit could be isolated by eluting the reactivated y 
subunit from the calmodulin-agarose resin with 1% Triton 
X-100, IM Tris-Cl (pH 7.0), and ImM EGTA. Properties of the 
isolated catalytically active r subunit were determined. 
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EXPERIMENTAL PROCEDURES 
Materials 
Calmodulin-agarose was purchased from Sigma or Bio-Rad. 
Bovine serum albumin, calmodulin, and heparin were obtained 
from Sigma. Bio-Beads SM-2 was a product of Bio-Rad. DE-52 
cellulose was purchased from Whatman. All other materials 
were of reagent grade. 
Protein preparations 
Phosphorylase kinase was prepared from rabbit skeletal 
muscle essentially by the method of Hayakawa et al. (7) and 
further purified by using DEAE-cellulose chromatography as 
described by Cohen (6). Phosphorylase b was prepared as 
described by Fischer and Krebs (27), except that 30 mM 
2-mercaptoethanol or 5 mM dithioerythritol was substituted 
for cysteine. Residual 5'-AMP was removed by treatment with 
acid-washed Norite A. Separation of phosphorylase kinase and 
purification of the y and 5 subunits with HPLC was as 
described by Crabb and Heilmeyer (26). Samples of the 
isolated, active r subunit were concentrated by using 
Centricon-30 centrifugal microconcentrators from Amicon. 
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Polvacrvlamide gel electrophoresis 
Sodium dodecyl sulfate polyacrylamide gel 
electrophoresis was carried out according to the procedure of 
Laemmli (28). Staining was accomplished with Coomassie Blue 
R250 or with Pierce Gelcode silver stain. A Zeineh scanning 
densitometer from LKB instruments was used to scan gels under 
a tungsten lamp. 
Protein determination 
Protein concentrations of the purified holoensymes were 
determined spectrophotometrically by using absorbance indices 
of 12.4 (6) and 13.0 (29) for 1% protein solutions of 
phosphorylase kinase and phosphorylase, respectively. 
Determination of protein content of calmodulin solutions was 
performed by the method of Bradford (30), using phosphorylase 
kinase as a standard, as was protein determination of HPLC 
fractions containing the j subunit, except the standards also 
contained 50% acetonitrile and 0.09% trifluoroacetic acid. 
Determination of the isolated, reactivated r subunit 
concentration was performed by using SDS-PAGE and silver 
staining of gels with Pierce Gelcode silver stain. 
Phosphorylase kinase of known concentration was applied in 
different amounts in the range of 74 to 370 ng to several 
lanes of a gel. The reactivated, isolated r subunit of 
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unknown concentration was applied to different lanes of the 
same gel, A linear standard curve of 7 subunit concentration 
(calculated as 13.8% of holoenzyme concentration) was 
constructed from the peak areas of densitometric tracings of 
the r subunit bands of phosphorylase kinase. The peak area 
of the reactivated, isolated r subunit band was then used to 
calculate its concentration from the standard curve. 
Buffers 
Buffer A contained 0.25 M Tris, 0.25 M Hepes, 0.5 mM 
CaClg adjusted to pH 8.6. Buffer B contained 40 mM Hepes, pH 
6.8, and 5 mM dithioerythritol. 
Enzyme assays 
Phosphorylase Kinase was assayed as described (11) with 
some modifications. The standard assay contained Buffer A 
{10 111) , 30 mg/ml phosphorylase b in Buffer B (20 .ul), kinase 
diluted in Buffer B (10 ixl) , HgO or effectors (10 pi), and 
0.06 M Mg(Ac)2/O.OI8 M ATP (10 pi). The final pH of the 
reaction was 8.2. For assays at pH 6.8, Buffer A was 
adjusted to pH 6.8. The reactions were carried out at 30° 
and initiated by the addition of the MgATP solution after a 
1-minute preincubation. Specific activities were calculated 
by using the method of Cohen (31). Phosphorylase was assayed 
in the direction of glycogen 
procedure of Illingworth and 
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synthesis similar to the 
Cori (32). 
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RESULTS 
Reactivation of the HPLC-purifled r  subunit 
The r subunit was separated from the other subunits of 
phosphorylase kinase using the HPLC procedure described by 
Crabb and Heilmeyer (26). The solvent concentrations of the 
collected fractions containing y are approximately 50% 
acetonitrile and 0.09% trifluoroacetic acid, with a pH of 
2.5. The r subunit prepared in this way was pure as judged 
by SDS polyacrylamide gel electrophoresis (Fig. 1). The 
fractions containing the j- subunit were stored in plastic 
tubes on ice; the r subunit was stable for 1-2 weeks stored 
in such a manner. If the HPLC y subunit fractions were 
stored either frozen or lyophilised, their ability to be 
reactivated by the following procedure was significantly 
decreased. When the HPLC-purified j subunit fractions were 
assayed according to the usual assay procedure for 
phosphorylase kinase (with the j subunit taken straight from 
the HPLC or first diluted in Buffer B), no activity could be 
detected. When assayed in the presence of calmodulin and 
Ca*2, however, specific activity representing about 2% of the 
molar specific activity of native phosphorylase kinase was 
seen. Significant enhancement of this activity was attained 
Figure 1. SDS-polyacrylamide gel electrophoresis of 
holophosphorylase kinase and the HPLC-purified r  
subunit. Phosphorylase kinase and the 
HPLC-purified r subunit were prepared as described 
under "Experimental Procedures." Polyacrylamide 
(10%) gel electrophoresis in the presence of SDS 
was performed with phosphorylase kinase (18 f i g )  
(A) and the HPLC-purified r subunit at 4 (B) and 8 
(C) fig. A Coomassie Blue R-250 stain was used to 
visualize the protein bands 
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through preincubation of the y subunit with calmodulin and 
Ca+2 and the manipulation of several factors, including 
preincubation (or reactivation) time, temperature, pH, 
concentrations of acetonitrile, trifluoroacetic acid, 
calmodulin, r subunit, and the presence of a protein such as 
bovine serum albumin or phosphorylase b. The optimal 
procedure for the reactivation of the HPLC-purified y subunit 
is as follows. Purified y subunit (about 100 pg/ml in HPLC 
solvents) was diluted to 1-6 pg/ml in an ice-cold solution 
containing 1 part 0.25 M Hepes/0.25 M Tris-Cl (pH 8.6), 0.6 
mM CaClg, and 4 parts of Buffer B containing 60-100 .ug/ml 
calmodulin and 1.5 mg/ml phosphorylase b or bovine serum 
albumin. (Although calmodulin was used in these studies, the 
HPLC-purif ied <5 subunit, at low concentrations at least, is 
a s  e f f e c t i v e  a s  c a l m o d u l i n  i n  t h e  r e a c t i v a t i o n  o f  t h e  y  
subunit.) The final pH of the reactivation mixture is 8,2, 
and final concentrations are 5 .ug/ml or less y subunit, 5% or 
less acetonitrile, 0.009% or less trifluoroacetic acid, 0.1 
mM CaClg, 60 mM Hepes, 50 mM Tris-Cl, 3.3 mM 
dithioerythritol, 40-80 jug/ml calmodulin, and 1 mg/ml phos­
phorylase b or bovine serum albumin. 
One of the factors investigated to determine the optimal 
conditions described was temperature. Fig. 2 illustrates how 
v a r i a t i o n s  i n  t e m p e r a t u r e  a f f e c t  r e a c t i v a t i o n  o f  t h e  y  
Figure 2. The effect of temperature on reactivation of the y subunit. 
Reactivation of the HPLC-purified j subunit at different 
temperatures was carried out as described in the text. The 
relative activities at various incubation times are plotted 
for reactivation mixtures incubated at 30*C (A), 22®C (•), 
and 0®C (o)  
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subunit. Reactivation was initiated as described in the 
preceding paragraph. Immediately after addition of the 
HPLC-purified r subunit, an aliquot was removed for activity 
assay at the zero time point, and the remaining reactivation 
mixture was divided into three aliquots, which were placed in 
different temperature conditions. At various time points, 
activities were taken, all in the presence of 60 Aig/ml 
calmodulin. The initial activity thus represents the slight 
reactivation that occurs when the HPLC-isolated r subunit is 
first diluted in the ice-cold reactivation mixture. Further 
reactivation occurred only when placed on ice, whereas 
activity remained unchanged over 60 minutes at room tempera­
ture; when incubated at 30°, all activity was eventually 
lost, 
Calmodulin, calcium, and either phosphorylase b or 
bovine serum albumin are other factors important in obtaining 
optimal reactivation of the HPLC-purified r subunit. These 
results are shown in Fig. 3. Reactivation mixtures 
containing either no calcium or no calmodulin showed no 
reactivation of the HPLC-purified j subunit. Because phos­
phorylase b is present in the reactivation mixture where 
calmodulin was omitted, it is clear that reactivation of the 
Y subunit does not occur in a nonspecific manner requiring 
only interaction with another protein for successful 
Figure 3. Reactivation of the HPLC-purlfled r subunit under 
various conditions. The HPLC-purlfled r subunit 
was reactivated at pH 8.2 and on ice in the 
optimal reactivation mixture described in the text 
and with variations of that mixture as described 
below. At various time points, aliquots were 
removed and assayed for activity (In the presence 
of 60 ng/ml calmodulin) at pH 8.2 (closed symbols) 
or at pH 6.8 (open symbols). 100% specific 
activity is the molar specific activity of 
nonactivated phosphorylase kinase assayed 
Identically except with no calmodulin present. 
The optimal reactivation mixture (o and #) 
contained 1.42 (ig/ml r subunit, 60 Atg/ml 
calmodulin, 6.3 mg/ml phosphorylase b^ 0.12 mM 
CaClg, 4 mM dithioerythritol, 60 mM Hepes, and 50 
mM Tris-Cl. Other reactivation mixtures were the 
same except they contained either no phosphorylase 
b (•), no CaCl2 and 0.2 mM EGTA (•), or no 
calmodulin (•) 
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refolding, but specifically requires interaction with the ô 
subunit of phosphorylase kinase (calmodulin). Furthermore, 
only the calcium-induced conformation of calmodulin will 
successfully interact with the 7 subunit to produce an active 
species. This calcium dependency for the favorable 
interaction of calmodulin and the 7 subunit is consistent 
with other calmodulin-regulated enzymes, suggesting that, 
although the final bond between the 7 and 5 subunits is much 
stronger than in most other calmodulin-regulated systems, at 
least the initial interaction requires the same calcium-
induced conformation of calmodulin that other calmodulin-
regulated enzymes interact with. 
Although phosphorylase is not effective for replacing 
calmodulin in the reactivation process, it nevertheless 
enhances reactivation, as seen in Fig. 3. This evidently is 
not because phosphorylase is a substrate; bovine serum 
albumin is even more effective in enhancing the reactivation 
process with calmodulin and calcium present (data not shown). 
The enhancement caused by additional proteins presumably is 
due to a general stabilisation of either the j subunit alone 
and/or the 7-calmodulin complex. 
Finally, HPLC solvent concentrations, 7 subunit 
concentrations, reactivation pH, and reactivation time are 
factors important to optimal reactivation. Maximal 
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reactivation occurred when the HPLC solvents were diluted 
10-fold or more (results not shown). Usually, greater 
dilution than 10-fold was needed, however, so that the 7 
subunit concentration was 5 ftg/ml or less, which is the 
optimal concentration of the r subunit for reactivation. 
Reactivation mixture pH variations, in the range commonly 
used for storage and activity assay of phosphorylase kinase, 
were also found to affect the extent of reactivation. 
Reactivation at pH 6.8 reaches only about 20% of that at pH 
8.2 (results not shown). Figs, 2 and 3 illustrate that 
reactivation of the r subunit is a time-dependent process. 
Maximum reactivation is reached in 1 to 2 days and the 
activity of the reactivated r subunit remains constant for 
another month or so when it is stored on ice. At maximum 
reactivation under optimal conditions, the specific activity 
of the r subunit present in the reactivation mixture is 
approximately 70% of the molar specific activity of the 
holoensyme (Fig. 3). Because the molar specific activity of 
the ya complex dissociated from the holoensyme with LiBr is 
approximately equal to that of the holoenzyme (33), the 
specific activity after full reactivation of the HFLC— 
purified r subunit probably represents a 70% yield in 
reactivation. 
Two properties of the catalytic activity of the 
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reactivated r subunit, in the presence of the reactivation 
mixture, were investigated. The ratio of activity at pH 6.8 
to activity at pH 8.2 is a property used to characterize the 
activation state of phosphorylase kinase. The activity 
ratios for nonactivated kinase, activated kinase, the arô 
subunit complex, and the r<5 subunit complex are 0.01-0.05, 
0.3-0.5, 0.5-0.6, and 0.9-1.0, respectively (3). Throughout 
the reactivation process, the activity ratio of the 
reactivated species remains at 0.9-1.0 (Fig. 3), similar to 
the rS complex. The calcium dependency of the reactivated r 
subunit in the presence of calmodulin is also similar to the 
LiBr-isolated r<5 complex (33) in that it also is inhibited 
70% by EGTA (results not shown). These results indicate that 
the active species present in the reactivation mixture is 
most likely a r<5 complex identical to that found in previous 
studies using LiBr as a dissociating agent. 
Isolation of the active r subunit 
To isolate the r subunit free from calmodulin, 
calmodulin bound covalently to agarose gel was used instead 
of free calmodulin in the reactivation mixture. This 
substitution resulted in reactivation, but to only about 20% 
of that observed with free calmodulin. Concentrations of 
reactivation mixture components were identical to those used 
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in the free calmodulin reactivation mixture, except that, in 
place of free calmodulin, 20% of the reactivation mixture was 
calmodulin-agarose containing approximately 0.5 mg/ml 
calmodulin and equilibrated in Buffer B containing 0.1 mM 
CaClg. This resulted in a final calmodulin concentration of 
approximately 0.10 mg/ml. The HPLC r subunit was added to 
the rest of the reactivation mixture (with the resin 
suspended) in a volume 2-3% of the total reactivation 
mixture. The calmodulin-agarose was resuspended often to 
facilitate contact between the r subunit and the 
agarose-bound calmodulin. To increase the final yield of 
reactivated y subunit, after about 2 days, the calmodulin— 
agarose was. loaded with additional r subunit. This was done 
by first removing the supernate of the first reactivation 
mixture from the settled resin and then using that resin to 
prepare another mixture identical to the first with fresh 
HPLC-purified y subunit. Usually, the calmodulin-agarose was 
reloaded twice with an increase in activity each time. 
After reactivation, the mixture was poured into a column 
and washed well with Buffer B (with or without 1 mM EGTA) at 
pH 8.2. This removed most of the phosphorylase, but the 
phosphorylase kinase activity remained in the resin. Several 
nondenaturing reagents were tried with no success in removing 
this activity from the calmodulin-agarose at 0*-4*. These 
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included 1.0 mM EGTA with either 1,0 M NaCl, 2 M LiBr, 5 
mg/ml heparin, or 0.1 M NaCOg (pH 10), or 10 mM EGTA alone. 
Thus, removal of calcium, high salt concentrations, high 
concentrations of chaotropic salts, high pH, and heparin 
(reportedly successful in partial dissociation of the ô 
subunit from the holoenzyme (34)) were all unsuccessful in 
dissociation of the f subunit from the agarose-bound 
calmodulin. These results indicate that reactivation of the 
HPLC-purified r subunit involves an interaction between the r 
subunit and calmodulin, resulting in a strong association 
identical or similar to that found between the r and ô 
subunits in the holoenzyme. High concentrations of Tris at 
neutral pH was earlier reported to be effective in 
dissociation of clathrin-coated vesicles (35) and membrane 
cytoskeletal constituents (36), probably due to competition 
of the Tris protonated amine group with protein-bound amino 
groups involved in specific amino-carboxylate salt bridges. 
Treatment of the r-bound calmodulin-agarose with 1 M Tris-Cl, 
pH 7.0, 5 mM dithioerithritol, 1 mM EGTA was not immediately 
effective in releasing the r subunit. However, when in the 
presence of this solution for 2-3 days some activity could 
then be eluted from the column. The neutral detergent, 
Triton X-lOO, was also partially effective in removing the j 
subunit, but the best results came when these reagents were 
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combined into a solution of 1 M Tris-Cl (pH 7.0), 1% Triton 
X-100, 1 mM EGTA and 5 mM dithioerythritol. All activity was 
then immediately removed from the column upon elution with 
this mixture. 
The activity of the isolated r subunit stored in the 
eluting buffer decreased significantly over time (70% in one 
day). For this reason, plus the fact that concentration of 
the 7 subunit fractions also resulted in the corresponding 
concentration of Triton X-100, it was necessary to remove the 
Triton X-100 from the isolated r sample. This was achieved 
by using the nonpolar polystyrene adsorbant, Bio-Beads SM-2 
(37). By passing the pooled active fractions from the 
calmodulin-agarose column through a Bio-Beads SM-2 column, 
the detergent was removed from the r preparation. 
Unfortunately, only about 40% recovery of activity was 
observed. The solution containing r was then either 
concentrated and dialyzed against 50% glycerol/0.1 M Hepes 
(pH 7.0), 5 mM dithioerithritol, 0.1 mM CaClg or dialyzed 
directly. It was then stable stored at -20* for at least 3 
months. 
The composition of the solution containing the active r 
subunit eluted from the calmodulin-agarose reactivation 
mixture was investigated and the SDS polyacrylamide gel 
electrophoresis results are shown in Fig. 4. For this gel, 
Figure 4. SDS-polyacrylamide gel electrophoresis of 
phosphorylase b and the r subunit eluted with SDS 
from the reactivation mixture containing 
calmodulin-agarose. After reactivation, the 
reactivation mixture containing the HPLC-purlfled 
Tf subunit, 20% Buffer A, 1 mg/ml phosphorylase b, 
and 22% calmodulin-agarose was eluted with 0.1% 
SDS. SDS-polyacrylamide (15%) gel electrophoresis 
was performed with the SDS-eluted r subunit sample 
(A) and phosphorylase b (14 (ig) (B). The gels 
were stained with Coomassie Blue R-250. Some gels 
applied with other reactivated x subunlt 
preparations contained an additional band at the 
top of the separating gel. This band was also 
observed in some phosphorylase b samples 
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the r subunit was eluted from the calmodulin-agarose 
reactivation mixture with a 0.1% SDS solution. Because no 
calmodulin band was detected on the gel, Fig. 4 demonstrates 
that the calmodulin-agarose covalent bond is stable and that 
leakage of calmodulin from the resin does not occur even with 
washes of SDS, which is a much harsher, more effective 
dissociating reagent than the nondenaturing Tris/Triton X-
100/EGTA/dithiothreitol solution used to elute the active r 
subunit. The results in Fig. 4 also show that phosphorylase 
b is a contaminant of the r subunit when SDS is used to elute 
the calmodulin-agarose resin. Evidently, phosphorylase b 
binds to the resin and is eluted, along with the y subunit, 
by 0.1% SDS. This also occurred when the Tris/Triton 
X-lOO/EGTA/dithiothreitol solution was used to elute the 
active r subunit (data not shown). Thus, these results 
strongly support the absence of calmodulin in the isolated, 
active r subunit preparation, but also show that phosphoryl­
ase b is a contaminant of this preparation. The properties 
of the isolated, active r subunit reported below further 
confirm that it is indeed isolated from calmodulin. 
Properties of the isolated, active r subunit 
Inasmuch as phosphorylase contaminated the r prepara­
tion, it was not possible to determine the amount of j 
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present for calculating its specific activity by using the 
usual protein determining methods. Thus, a standard curve 
with phosphorylase kinase in various amounts applied to an 
SDS-PAGE gel was used to determine the r subunit 
concentration (not shown). The specific activity of one 
preparation of the r subunit calculated by using 
concentrations determined in this way was 0.34 /zmoles 
phosphorylase b converted/minute/nmole r subunit. This 
corresponded to approximately 8% of the molar specific 
activity of the nonactivated holoenzyme at pH 8.2. 
Preliminary results from other preparations, however, show 
both lower and higher specific activities for the r subunit, 
reaching as high as 20-30% of the specific activity of the 
holoenzyme. 
Removal of calmodulin from the reactivated r subunit 
should free the r subunit activity from the effects of 
calcium if, in fact, the 5 subunit is responsible for the 
calcium sensitivity of the phosphorylase kinase activity in 
the holoenzyme and the «rS and rS subunit complexes. Fig. 5 
compares the activity of the 7 subunit with that of the 
holoenzyme as the reaction mixtures, containing 0.1 mM CaClg, 
are titrated with increasing amounts of EGTA. Although the 
activity of holophosphorylase kinase shows a characteristic 
sharp decrease when EGTA concentration surpasses 0.1 mM, the 
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Figure 5. The effect of Ca+2 on the Isolated r subunit and 
phosphorylase kinase activities. Phosphorylase 
kinase (•) and the isolated, active r subunit (o )  
were assayed at pH 8.2 according to "Experimental 
Procedures" except that, in addition to 0.1 mM 
CaCl2, reaction mixtures contained various 
concentrations of EGTA 
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activity of the y subunit is not effected by EGTA. This is 
in contrast to the activities of the ayS and yd complexes, 
which are only 30% active in the absence of calcium (19). 
These results strongly support the absence of calmodulin in 
the isolated, active r subunit preparation. 
The activities of the isolated r subunit and the 
LiBr-dissociated yS complex are also affected differently by 
exogenous calmodulin in the presence of calcium. Whereas the 
rS subunit complex is reported to show no effect from 
calmodulin concentrations up to 25 /zg/ml (24), the r subunit 
is activated at least 1.4-fold by exogenous calmodulin (Fig. 
6). The concentration of calmodulin required for half 
maximal activation is 10 pg/ml. Activation of the r subunit 
by calmodulin is entirely dependent on calcium; no activation 
of the 7 subunit occurs in the absence of calcium. Thus, 
both stimulation of the active r subunit's catalytic activity 
as well as reactivation of the HPLC-purified, inactive j-
subunit require the Ca+^-induced conformation of calmodulin. 
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Figure 6. The effect of calmodulin in the presence and absence of Ca*^ on y 
subunit activity. The isolated, active y subunit was assayed in 
reaction mixtures as described under "Experimental Procedures" except 
that they contained various amounts of calmodulin. Also, the 
reaction mixtures contained either 0.1 mM CaClg (O), or 2.0 mM EGTA 
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DISCUSSION 
It is clear that the end result of reactivation of the 
HPLC-purified r subunit according to these procedures is a 
tight association of the r subunit with calmodulin. This is 
evident from the reactivation of r with calmodulin-agarose 
and the subsequent difficulty in removing the activity from 
the resin. The interaction between the reactivated y subunit 
and calmodulin probably is identical to the j-ô interaction 
present in the holoenzyme and the LiBr-isolated yJ complex 
because 1) the reactivated y-calmodulin species and the yd 
subunit complex have similar catalytic properties with 
respect to pH and calcium dependency and 2) in each case, 
removal of calcium with EGTA is not sufficient to dissociate 
r and 5 (or calmodulin). The second characteristic is very 
unusual for calmodulin-regulated systems, in which removal of 
calcium usually releases calmodulin from the regulated 
enzyme. Previously, the removal of calcium was shown to 
weaken the r-8 bond, but only denaturing conditions such as 
SDS alone or 8 M urea with calcium chelation by EGTA were 
effective in dissociation of the r and <5 subunits (15), We 
report here for the first time a procedure for isolating the 
r subunit from calmodulin by using a nondenaturing medium. 
54 
The results show that the reactivated r subunit is still 
active after it is separated from calmodulin. This indicates 
that the HPLC-purified r subunit, inasmuch as it is inactive, 
is in a denatured state due probably to the low pH of the 
0.1% trifluoroacetic acid HPLC solution or to the high 
concentration of acetonitrile, or both. Simply diluting the 
HPLC 7 subunit from the harsh HPLC solvent system into a 
higher pH, more aqueous buffer does not cause simultaneous 
refolding and reactivation. When diluted also in the 
presence of calmodulin and calcium, however, reactivation 
does occur. Apparently, calmodulin serves as a template that 
stabilizes the native conformation of the j- subunit so that 
the equilibrium between the various folded and unfolded 
species of the r subunit is driven to its native 
conformation. The technique of renaturation and 
reassociation of the isolated subunits of dissociated 
oligomeric proteins by mixing them back together and dilution 
of the denaturing reagent was used in other systems (38,39). 
This procedure may be applicable to other oligomeric enzymes 
that have been denatured by, for example, the organic 
solvents and low pH commonly used in HPLC. 
Previous studies by Chan and Graves (24) of sucrose 
density-gradient ultracentrifugation on the LiBr-isolated yô 
subunit complex in the presence of 2 mM EGTA suggested that 
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the r subunit is a calcium-independent kinase with a specific 
activity 30% of the holoenzyme and activable by calmodulin in 
a calcium dependent manner. These properties were confirmed 
in the active r subunit isolated here. Two other 
laboratories have studied calcium independent activities 
present in the holoenzyme of rabbit skeletal muscle 
phosphorylase kinase. King and Carlson reported a 
substantial EGTA-insensitive activity (approximately equal to 
the Ca"*"^-dependent activity at pH 6.8 and about 19% of the 
Ca+2-dependent activity at pH 8.2) when nonactivated 
phosphorylase kinase was first incubated with Ca"*"^ and 
before assay (40). Kilimann and Heilmeyer described another 
Ca+2-independent activity, termed the activity, which is 
expressed at calcium concentrations below 100 nM and is very 
much lower than the Ca'*'^-dependent activity (41). This study 
provides molecular evidence that the enzymatic activities 
representing the EGTA-insensitive activity and the Ag 
activity are located in the catalytic r subunit. That the 
activity of the r subunit shows no calcium dependency 
illustrates two points. First, it shows rather conclusively 
that no calmodulin contaminates the isolated j preparation. 
Second, it directly proves that the 5 subunit is responsible 
for the intrinsic calcium sensitivity of the rS and uj" 
subunit complexes and probably of the holoenzyme. Further 
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studies on the active r subunit, including experiments 
involving its kinetics and specificity, should be helpful in 
determining properties related to the other subunits of 
phosphorylase kinase. 
57 
REFERENCES 
1. Malencik, D. A., and Fischer, E. H. (1982) in Calcium 
and Cell Function (W. Y. Cheung, éd.), Vol. 3, pp. 161-188, 
Academic Press, New York 
2. Carlson, G. M., Bechtel, P. J., and Graves, D. J. (1979) 
Adv. Enzymol. Relat. Areas Mol. Biol. 50, 41-115 
3. Chan, K.-F. J., and Graves, D. J. (1984) in Calcium and 
Cell Function (W. Y. Cheung, éd.). Vol. 5, pp. 1-31, Academic 
Press, New York 
4. Krebs, E. G., and Fischer, E. H. (1956) Biochim. 
Biophys. Acta 20, 150-157 
5. Krebs, E. G. (1981) Curr. Top. Cell. Regul. 18, 401-419 
6. Cohen, P. (1973) Eur. J. Biochem. 34, 1-14 
7. Hayakawa, T., Perkins, J. P., and Krebs, E. G. (1971) 
Biochemistry 12, 574-580 
8. Walsh, D. A., Perkins, J. P., Bostrom, C. 0., Ho, E. S., 
and Krebs, E, G. (1971) J. Biol. Chem. 246, 1968-1976 
58 
9. Ozawa, E., Hosoi, K., and Ebashi, S. (1967) J. Blochem. 
(Tokyo) 61, 531-533 
10. Exton, J. H. (1980) Am. J. Physiol. 238, E3-E12 
11. Brostrom, C, 0., Hunkeler, F. L., and Krebs, E. G. 
(1971) J. Biol. Chem. 246, 1961-1967 
12. Cohen, P., Burchell, A., Foulkes, J. G., and Cohen, P. 
T. W. (1978) FEES Lett. 92, 287-293 
13. Burger, D., Cox, J. A., Fischer, E. H., Stein, E. A., 
(1982) Biochem. Biophys. Res. Commun. 105, 632-638 
14. Grand, R. J, A., Shenolikar, S., and Cohen, P. (1981) 
Eur. J. Biochem. 113, 359-367 
15. Picton, C., Klee, C. B., and Cohen, P. (1980) Eur. J. 
Biochem. Ill, 553-561 
16. Cohen, P. (1980) Eur. J. Biochem. Ill, 563-574 
17. Shenolikar, S., Cohen, P. T. W., Cohen, P., Nairn} A. 
C., and Perry, S. V. (1979) Eur. J. Biochem. 100, 329-337 
18. Reimann, E. M., Titani, K., Ericsson, L. H., Wade, R. 
D., Fischer, E. H., and Walsh, K. A. (1984) Biochemistry 23, 
4185-4192 
59 
19. Skuster, J. R., Chan, K.-F. J., and Graves, D, J, (1980) 
J. Biol. Cham. 255, 2203-2210 
20. Chan, K.-F. J., and Graves, D. J. (1982) J. Biol. Chem. 
257. 5939-5947 
21. Graves, D. J., Hayakawa, T., Horvitz, R. A., Beckman, 
E., and Krebs, E. G. (1973) Biochemistry 12, 580-585 
22. Carlson, G. M., and Graves, D, J. (1976) Biochemistry 
15, 4476-4481 
23. Manalan, A. S., and Klee, C. B. (1984) Adv. Cyclic 
Nucleotide Protein Phosphorylation Res. 18, 227-278 
24. Chan, K.-F. J., and Graves, D. J. (1982) J. Biol. Chem. 
257, 5956-5961 
25. Weiss, B., and Levin, R. M. (1978) Adv. Cyclic 
Nucleotide Res. 9, 285-303 
26. Crabb, J. W., and Heilmeyer, L. M. J., Jr. (1984) J. 
Biol. Chem. 259, 6346-6350 
27. Fischer, E. H., and Krebs, E. G. (1958) J. Biol. Chem. 
231. 65-71 
28. Laemmli, U, K, (1970) Nature (London) 227, 680-685 
60 
29. Kastenschmidt, L. L., Kastenschmidt, J. and Helmreich, 
E. (1968) Biochemistry 7, 3590-3608 
30. Bradford, M. M, (1976) Anal. Biochem. 72, 248-254 
31. Cohen, P. (1983) Methods Enzymol. 99, 243-250 
32. Illingworth, B., and Cori, G. T. (1953) Biochem. Prep. 
3, 1-9 
33. Chan, K.-F. J., and Graves, D. J. (1982) J. Biol. Chem. 
257, 5948-5955 
34. Hessova, Z, Varsanyi, M., and Heilmeyer, L. M. G., Jr. 
(1985) Eur. J. Biochem. 146, 107-115 
35. Keen, J. H., Willingham, M. C., and Pastan, I. H. (1979) 
Cell 16, 303-312 
36. Ohanian, V., and Gratzer, W. (1984) Eur. J. Biochem. 
144. 375-379 
37. Holloway, P. W. (1973) Anal. Biochem. 53, 304-308 
38. Pearson, P. H., and Bridger, W. A. (1975) J. Biol. Chem. 
250, 4451-4455 
39. Merat, D. L., Zhuo, Y. H., Carter, T. E., and Cheung, W. 
Y. (1985) J. Biol. Chem. 260, 11053-11059 
61 
40. King, M. M,, and Carlson, G. M. (1981) Arch. Biochem. 
Biophvs. 209, 517-523 
41. Kilimann, M. W., and Heilmeyer, L. M. G., Jr. (1982) 
Biochemistry 21, 1727-1734 
62 
SECTION II: PROPERTIES OF THE r SUBUNIT OF PHOSPHORYLASE 
KINASE 
63 
PROPERTIES OP THE r SUBUNIT OF PHOSPHORYLASE KINASE 
Scott M. Kee 
Donald J. Graves 
From the Department of Biochemistry and Biophysics, 
Iowa State University, Ames, lA 50011 
This work was supported by Research Grant GM-09587 
from the National Institutes of Health, United State 
Public Health Service. This is Journal Paper J-12563 
of the Iowa Agriculture and Home Economics Experiment 
Station, Ames, lA, Project 2120. 
This section has been submitted to the Journal of 
Biological Chemistry. 
64 
ABSTRACT 
Enzymatic properties of the isolated, active y subunit 
of phosphorylase kinase were characterized. Kinetic 
parameters indicated that the y subunit binds the substrates 
MgATP and phosphorylase b as well as the holoenzyme with a Km 
(MgATP) of 98 /zM and a Km (phosphorylase b) of 80 /zM at pH 
8.2, but maximal velocities are significantly lower than the 
holoenzyme's. Unlike the y-calmodulin complex, the r subunit 
activity is dependent on pH in the range of pH 6.2 to 9.0, 
with a ratio of activity at pH 6.8 to activity at pH 8.2 of 
0.5-0.6. Calmodulin activates the r subunit more at low pH 
than at high pH. ADP inhibits the r subunit in a competitive 
manner with a Ki of 60 (iM. Free Mg"^^ stimulates y subunit 
activity 3.5-fold at both pH 6.8 and pH 8.2. MnATP is 
equivalent to MgATP as a substrate for the enzyme, but free 
Mn^2 inhibits y subunit activity. Several protein substrates 
of holophosphorylase kinase were found also to be 
phosphorylated by the y subunit. These included /c-casein, 
myelin basic protein, the troponin complex, and troponin T 
alone. In the troponin complex, the proportion of 32p 
incorporated by the y subunit into troponin I compared with 
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troponin T was not Ca"''^-dependent, but with the holoenzyme, 
this proportion was changed greatly by Ca+2 concentration. 
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INTRODUCTION 
Phosphorylase kinase plays an important role in glycogen 
metabolism because of its ability to catalyze the 
phosphorylation and, thus, activation of phosphorylase, the 
enzyme that catalyzes the breakdown of glycogen to glucose-1-
phosphate units (1-3). Phosphorylase kinase contains four 
distinct types of subunits, a,#,/, and 5, with a subunit 
stoichiometry of (4). Whereas the y subunit has been 
shown to contain a catalytic site (5-7), the other subunits 
are evidently required for the relatively complex regulation 
of this enzyme. Two pathways for regulation of 
glycogenolysis converge at phosphorylase kinase. Neural 
regulation of phosphorylase kinase works partly through the 
binding of calcium to the d subunit (8,9), which is well 
characterized and found to be identical to calmodulin (10). 
Hormonal regulation, on the other hand, is facilitated by the 
reversible phosphorylation of the a and |3 subunits of 
phosphorylase kinase by cAMP-dependent kinase (11,12). 
In addition to phosphorylation and Ca+2 levels, other 
means of regulating phosphorylase kinase in vitro are known. 
Among these are pH, divalent metal ion concentrations, and 
ADP concentration. Phosphorylase kinase activity is much 
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lower at pH 6.8 than at 8.2 (the ratio of activity at these 
pH's is 0.04 for nonactivated phosphorylase kinase) (13). 
However, as the holoenzyme is activated through 
phosphorylation and proteolysis or is dissociated into arS 
and y6 complexes, the dependence on pH in the range of 6.5 to 
9.0 is gradually lost, suggesting that the a and g subunits 
restrict activity at lower pH (2). Although the rS subunit 
complex shows only a slight pH dependence (it has a pH ratio 
of 0.9-1.0) (6,7), it is not yet known whether the 5 subunit 
affects the pH dependence of the r subunit activity. 
Phosphorylase kinase activity was shown to be activated 
by free Mg+2 and inhibited by free Mn*^ (14), but the 
location of the site responsible for modulation of 
phosphorylase kinase activity by divalent metal ions has not 
yet been determined. ADP is known to activate the enzyme, 
and the allosteric site for activation is thought to be 
contained in the (3 subunit (15). A second high-affinity ADP 
binding site also exists, but its function and location is 
unclear. 
In addition to the physiological substrate, 
phosphorylase, several other proteins are phosphorylated by 
phosphorylase kinase i_n vitro (2). Some evidence suggests 
that the r subunit may not have the only catalytic site in 
phosphorylase kinase. These conclusions are based partly on 
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a change in substrate specificity of phosphorylase kinase 
under different conditions, where it is possible that one 
catalytic site may be activated and the other inhibited 
(16,17). If the r subunit alone was found sufficient to 
catalyze the phosphorylation of all the alternative 
substrates used in these studies, it would support the idea 
that the different specificities found for the holoenzyme 
under different conditions is due to changes in subunit 
interactions and/or conformations that affect the r subunit 
catalytic site specificity and not to the activation or 
inhibition of multiple catalytic sites. 
Recently, we reported the isolation of the active r 
subunit free of the three other types of subunits of 
phosphorylase kinase (7). The procedure involved 
purification of the r subunit by reversed-phase HPLC, 
renaturation and reactivation in the presence of Ca+2, 
calmodulin-agarose and either bovine serum albumin or 
phosphorylase b at 0° and pH 8.2, and finally, separation of 
the r subunit from the calmodulin-agarose to obtain the 
isolated, active r subunit. As was expected after removal of 
the Ô subunit (calmodulin), the r subunit activity was Ca+2-
independent and could be activated by calmodulin plus 
calcium. Further characterization of this activity is given 
here to determine what properties of the holoenzyme can be 
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attributed to the y subunit alone to obtain a more complete 
picture of the structure-function relationships of this 
complex enzyme. 
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EXPERIMENTAL PROCEDURES 
Materials 
Bovine serum albumin, calmodulin-agarose, rabbit 
skeletal muscle troponin complex, myelin basic protein, 
phenyl-sepharose, and electrophoresis protein standards were 
obtained from Sigma. Bio-Beads SM-2 and electrophoresis 
chemicals were from BioRad. [r-^^P]ATP was obtained from New 
England Nuclear. Rabbit skeletal muscle troponin T was a 
generous gift from Dr. Gerald Carlson. All other materials 
were of reagent grade. 
Protein preparation 
Phosphorylase kinase was prepared from rabbit skeletal 
muscle essentially by the methods of Hayakawa et al. (12) and 
further purified by using DEAE-cellulose chromatography as 
described by Cohen (11). Phosphorylase b was prepared as 
described by Fischer and Krebs (18), except that 30 mM 2-
mercaptoethanol or 5 mM dithioerythritol was substituted for 
cysteine. Residual 5'-AMP was removed by treatment with 
acid-washed Norit A. Separation of phosphorylase kinase 
subunits and purification of the r subunit was as described 
by Crabb and Heilmeyer (19). The y-calmodulin complex, when 
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referred to in this paper, is the product of reactivation of 
HPLC-isolated r subunit in the presence of calmodulin, as 
described previously (7), without further manipulation. The 
studies on the r subunit here are with the reactivated r 
subunit after isolation from calmodulin (7). «-casein was 
prepared according to the procedure of Zittle and Custer (20) 
and, calmodulin, according to the procedure of Sharma and 
Wang (21), except that no heat treatment was used, and after 
DE-52 chromatography, the calmodulin was loaded onto phenyl-
Sepharose and eluted with EGTA (22). 
Protein determination 
Protein concentrations of purified phosphorylase, 
phosphorylase kinase, and calmodulin were determined 
spectrophotometrically by using absorbance indices of 13.2 
(23), 12.4 (11) (determined at 280 nm), and 1.8 (24) 
(determined at 277 nm) respectively. The r subunit 
concentration was determined as previously described (7). 
Other protein determinations were made by the method of 
Bradford (25). 
Kinase assays 
In the standard assay, Buffer A (0.25 M Hepes, 0.25 M 
Tris, pH 8.6 or pH 6.8, 60 mM MgClg, and 0.6 mM CaClg), 
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phosphorylase b in Buffer B (40 mM Hepes, pH 6.8 and 5 mM 
dithiothreitol), kinase in Buffer B, and [r-^^P]ATP were 
added to the assay mixture to obtain final concentrations of 
62 mM Hepes, 42 mM Tris, 10 mM MgClg, 0.1 mM CaClg, 2.5 mM 
dithiothreitol, 1.5 mM [r-^^P]ATP, and 100 /iM phosphorylase 
(in the indicated experiments, phosphorylase was replaced 
with a different protein substrate). The final concentration 
of the r subunit was 2 nM, except where noted. The final pH 
of the reaction mixtures was either pH 6.8 or 8.2. The 
reactions were carried out at 30°C and initiated, after a 1-
min preincubation, by addition of the [r-^^P]ATP. Kinase 
activity was monitored by following ^^P incorporation into 
the protein substrate by using a filter paper assay (26). 
Polvacrylamide gel electrophoresis and autoradiography 
Sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis was carried out according to the procedure of 
Laemmli (27). Staining was accomplished with Coomassie Blue 
R-250, and the gels destained in 7.5% acetic acid, 5% 
methanol. Kodak XAR-5 film was exposed to the dried gel for 
autoradiography. A Zeineh scanning densitometer from LKB 
Instruments was used to scan autoradiograms under a tungsten 
lamp. 
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RESULTS 
Kinetics 
The isolated y subunit described previously had a molar 
specific activity approximately 10-fold less than that of the 
holoenzyme (7). Kinetic studies were undertaken to determine 
if the lower specific activity is a reflection of a lower 
affinity for substrates or of a lower turnover rate, or both. 
When determining kinetic parameters for ATP, phosphorylase b 
was held constant at 100 //M, and kinetic parameters for 
phosphorylase b were determined with ATP concentrations held 
constant at 1.5 mM. In all experiments, 0.1 mM CaClg and 10 
mM MgClg were present. Table I shows the apparent kinetic 
parameters of the isolated r subunit at different pHs for 
each substrate, along with literature values for activated 
and nonactivated phosphorylase kinase (13,14,28-30) and the 
ajô and yS subunit complexes isolated from the holoenzyme 
with LiBr (28). Kinetic parameters of nonactivated 
phosphorylase kinase for phosphorylase b at pH 6.8 are not 
shown because the Km for phosphorylase b is so high that it 
cannot be experimentally determined (13). The apparent Km 
for phosphorylase b of the y subunit is comparable with the 
TABLE I. Summary of apparent kinetic constants for different forms of 
phosphorylase kinase 
Apparent kinetic constants for the r subunit and for the r~  
calmodulin complex are shown with standard deviations when the mean of 
more than one experiment was used for the values given. Values for 
other enzyme forms are from the literature as referenced. Activities 
for the r subunit and the y-calmodulin complex were assayed as 
described in the text and under "Experimental Procedures." 
PH Enzyme 
Form Km 
(//M) 
ATP 
Vm 
(//mol 32p/ 
min/nmol) 
Phosphorylase b 
Km Vm 
(pM) (//mol 32p/ 
min/nmol) 
Ref s. 
8.2 r  97.9 + 5.0 0.18 + 0.03 79.8 + 9.5 0.38 + 0.02 
rCaM® 116 
r ô  950 3.01 94 3.46 28 
a r ô  500 2.39 110 3.53 . 28 
PhK-b® 60-310 3.07 103-270 5.38 13°,14,28-30 
PhK-a® 70 44-80 5.94 139,14,28 
6.8 r  118 + 18 0.097 + 0.005 116 + 2 0.27 + 0.03 
r s  860 2,62 83 3.65 28 
a r ô  480 1.91 170 2.84 28 
PhK-b® 30 30 
^rCaM, r-calmodulin complex; PhK-b, nonactivated phosphorylase kinase; PhK-
a, activated phosphorylase kinase. 
Km values for phosphorylase b from ref. 13 were recalculated by using 
Mr(phosphorylase b) of 97,400, instead of 250,000. 
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lowest values of the other enzyme forms at both pHs, indicat­
ing excellent binding of phosphorylase b by the r subunit 
alone. Likewise, binding for ATP (or, more accurately, 
MgATP) is comparable with the lower values given for acti­
vated and nonactivated holoenzyme at pH 8.2. Subunit 
complexes of a^S and isolated by using LiBr as a 
dissociating agent display relatively poor binding of ATP as 
reported previously (28) and shown in Table I. It was 
thought that this may indicate a role for the p subunit in 
binding ATP at the r subunit active site or the need for the 
polymeric (four units/enzyme molecule) nature of the 
holoenzyme for optimal ATP binding. However, because both 
the r subunit alone and the y-calmodulin complex display high 
affinity for ATP, it seems that, in preparation of the LiBr-
isolated subunit complexes, damage to the MgATP binding site 
may have occurred. This, however, did not hinder the 
turnover rate. The r subunit, on the other hand, displayed 
maximal velocities significantly less than those reported for 
the holoenzyme or the subunit complexes. For the apparent Vm 
values determined holding ATP concentration at a constant, 
saturated level, the molar Vm is 9- to 16-fold less for the r 
subunit than for the other enzyme forms. Because the 
reactivated y-calmodulin complex has a fairly high specific 
activity (7), the relatively low Vm for the isolated r 
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subunit could be due to a partial destabilization of the r 
subunit in the absence of calmodulin binding. However, as 
reported previously, added calmodulin plus calcium activated 
the r subunit only approximately 1.4-fold. It is also 
possible that the process of removing calmodulin from the y-
calmodulin complex may cause some alterations to the active 
site, although it does not seem to harm the substrate binding 
sites. Finally, the relatively low Vm value could be caused 
by a population of inactivated r subunit in the presence of 
normally active r subunit. 
pH dependence 
Fig. 1 shows pH profiles of the y-calmodulin complex and 
the 7 subunit alone. The results for the r-calmodulin 
complex, which show little pH dependence, are consistent with 
those found for the y5 subunit complex isolated from the 
holoenzyme with LiBr (6). However, the pH profile for the j 
subunit has a marked pH dependency in the range usually used 
to describe phosphorylase kinase (pH 6 to 9). The pH ratio 
(activity at pH 6.8 to activity at pH 8.2) of the r subunit 
is 0.5 to 0.6. From Table I, it seems that both Km and Vm 
values for both substrates are slightly affected by pH. 
It was also found that calmodulin (plus calcium) 
activation of the y subunit was pH dependent. At pH 8.4, 
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6.0 7.0 8.0 9.0 
PH 
1. The effect of pH on the activities of the j 
subunit and the r-calmodulin complex. The y 
subunit (o) and the r-calmodulin complex {•) were 
assayed according to "Experimental Procedures," 
except for the following modifications: Buffer A 
was replaced with a buffer containing 0.24 M 
Pipes, 0.24 M Tris, and 60 mM MgCl2 (plus 0.6 mM 
CaCl2 for the r-calmodulin assay only), which was 
adjusted to the indicated pH, and Buffer B was 
replaced with a buffer containing 40 mM Pipes, 40 
mM Tris, and 5 mM dithiothreitol also adjusted to 
the indicated pH. Final concentrations were 59 mM 
Pipes, 59 mM Tris, 2.5 mM dithiothreitol, 100 pM 
phosphorylase b, 10 mM MgClg, 1.65 mM tr- P]ATP, 
and either no CaCl2 (for the r subunit assay), or 
0.1 mM CaCl2 (for the r-calmodulin assay) 
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activation by calmodulin ranged from 1.0- to 1.3-fold, 
whereas activation by calmodulin at pH 6.3 ranged from 1.3-
to 1.9-fold. Stimulation of y subunit activity varied 
between preparations, but stimulation was always higher at 
lower pH (results not shown). Thus, the loss of activity of 
the r subunit at low pH is at least partly negated by the 
presence of calcium-calmodulin, presumably explaining the 
different pH profiles in Fig. 1. 
Effect of ADP 
It was reported by Cheng et al. (15) that nonactivated 
phosphorylase kinase contains two ADP binding sites per aprS 
tetramer with Kds, determined by using equilibrium dialysis, 
of 2.05 juM and 17.1 (iM for the nonactivated enzyme at pH 6.8, 
23°, 10 mM Mg+2, 3.7% sucrose, 50 mM Hepes, 0.20 mM EDTA, 
0.18 mM EGTA, and 0.09 mM dithiothreitol. In addition, they 
demonstrated that, at low ATP concentrations (400 .<zM) and pH 
6.8, 200 //M ADP activates nonactivated phosphorylase kinase 
approximately 3-fold, Their results also suggest that the 
allosteric site is located on the p subunit and probably is 
the high-affinity ADP binding site. Figure 2 illustrates, in 
the form of a Dixon plot, the effect of ADP on y subunit 
activity. ADP, the reaction product of the kinase reaction, 
is shown to be a competitive inhibitor of r subunit activity 
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2. The effect of ADP on x subunit activity. The r 
subunit was assayed at pH 6.8 according to 
"Experimental Procedures," except assay mixtures 
contained different, concentrations of ADP and [y-
32p]ATP. Concentrations of [T- P]ATP used were 
63.4 /zM (O) » 187 juM (•) , and 488 (A) 
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with a Ki of 60 ;uM. Thus, ADP binds at the active site of 
the r subunit as well as or better than the substrate, ATP, 
which has an apparent Km of 118 fzM under identical conditions 
(Table I). Also, the Ki for ADP at the active site is 
comparable to the Kd values determined by equilibrium 
dialysis under similar conditions except for temperature 
(15). This indicates that the r subunit active site contains 
an ADP binding site and that this site probably is one of two 
observed within a tetramer of the holoenzyme. Inasmuch as 
ADP does not activate j subunit activity, this also supports 
the conclusion by Cheng et al, (15) that the allosteric site 
is not on the j subunit. 
Effect of divalent metal ions 
Fig. 3 illustrates the effects of the divalent metal 
ions Mg^2 and Mn"*"^ on r subunit activity in the presence of 
0.2 mM ATP. At 0.5 mM MgCl2, nearly all the ATP should be 
bound by Mg+2 to form the substrate, MgATP. (Stability 
constants for complexes of metal ion and ATP, calculated from 
information in ref. 31, were 75,000 M~^, 32,000 , and 
103,000 M~^ for MgATP at pH 8.2, MgATP at pH 6.8, and MnATP 
at pH 8.2, respectively.) Activity increased, however, well 
ast 0.5 mM MgClg at both pH 6.8 and pH 8.2, indicating a 
stimulatory effect of free Mg+2 on the r subunit activity. 
100-
«3 
es 
u 2" 
i I 
C/D CSJ 
CO 
METAL ION CONCENTRATION 
Figure 3. The effect of divalent metal ions on r  subunit 
activity. The 7 subunit was assayed at either pH 
6.8 (closed symbols) or pH 8.2 (open symbols) 
according to "Experimental Procedures," except the 
final [r-32p]ATP concentration was 0.20 mM, and 
assay mixtures contained different concentrations 
of either MgCl2 (O,#) or MnClg (•) 
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If the activity at 0.5 raM MgClg is taken as the basal 
activity, then free Mg+2 stimulates r subunit activity about 
3.5-fold at both pH 8.2 and 6.8. This compares with the 
stimulation by of the nonactivated holoenzyme, under 
similar conditions, of 8.9-fold at pH 8.2 and 7.4-fold at pH 
6.8, and the stimulation by Mg+2 at pH 6.8 of protein kinase-
activated, autoactivated, and trypsin-activated phosphorylase 
kinase of 5-, 2-, and 3-fold, respectively (32). Thus, it 
seems that the stimulation of r subunit activity by Mg+2 
occurs to the same degree as the stimulation of activated 
holoenzyme by Mg^^. 
From Fig. 3 it is evident that the j subunit shows 
little preference between MnATP and MgATP as a substrate. 
Thus, up to about 0.5 mM metal ion, the reaction velocities 
are equivalent for Mn*^ and Mg^^. Concentrations of 
past 0,5 mM result in inhibition, however, suggesting that 
although MnATP is a good substrate, free Mn+2 inhibits r 
subunit activity. This is in direct contrast to the 
stimulatory effects of free Mg+2. Free Mn^^ also inhibits 
the phosphorylase kinase activity of the holoenzyme (14). 
Phosphorylation of alternate protein substrates 
The specificity of the j subunit was studied by 
determining its ability to phosphorylate several proteins 
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known as substrates of holophosphorylase kinase. Myelin 
basic protein (33), /c-casein (34), and skeletal muscle 
troponin subunits I (35) and T (36) are among the proteins 
reported to be phosphorylated by phosphorylase kinase in 
vitro. Table II indicates that the r subunit also 
phosphorylates myelin basic protein, /c-casein, skeletal 
muscle troponin complex, and skeletal muscle troponin T. 
Molar specific activities for the r subunit with these 
substrates are lower than those for the holoenzyme, which is 
consistent with lower phosphorylase b phosphorylation rates 
by the r subunit compared with the holoenzyme (ref. 7 and 
Table I). 
Studies by Kilimann and Heilmeyer (17) on 
phosphorylation of the troponin complex by phosphorylase 
kinase show that the proportion of phosphate incorporation 
into either troponin I or troponin T changes with calcium 
concentration. At low Ca*2 (7.3 nM), phosphate incorporation 
into troponin I is more than two fold greater than that into 
troponin T, whereas at high Ca+2 (124 pM), phosphate 
incorporation into troponin I is nearly 10-fold less than 
that into troponin T. This change in preferred 
phosphorylation sites can be explained by a masking of the 
troponin I phosphorylation site by a Ca'*"^-dependent 
interaction between troponin I and troponin C (37) and/or by 
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TABLE II. Protein substrates of phosphorylase kinase and 
the r subunit 
Phosphorylase kinase and the 7 subunit were 
assayed at pH 8.2 with different protein 
substrates as described in "Experimental 
Procedures." The final concentration of the r 
subunit was 30 nM, and the phosphorylase kinase 
concentration was either 14 nM (for the /c-casein 
assay mixture) or 120 nM (for assay mixtures 
containing myelin basic protein, troponin complex, 
or troponin T). Assay mixtures with troponin T as 
substrate also contained 53 mM KCl. 
Protein Molar Specific Activities® 
Protein Substrate 
Substrate Concentration r Subunit Phosphorylase 
• 
(mM) Kinase 
Myelin Basic 
Protein 
48 5.3 + 0.5 15.6 + 1 , 2 
K-casein 45 3.3 + 0.1 13.9 + 1 .0 
Troponin Complex 19 0.25 + 0.01 0.35 + 0 .03 
Troponin T 10.5 0.12 + 0.06 0.20 + 0 .02 
®Molar specific activities are nmol ^^P incorporated/ 
min/ nmol kinase + standard deviations. 
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a change in phosphorylase kinase specificity under different 
conditions. This problem is complicated by the fact that 
both the catalyst and the substrate are affected by calcium 
concentrations. To circumvent this, we studied troponin 
phosphorylation by the Ca"*"^-independent activity of the j 
subunit. Table III compares the effect of different calcium 
concentrations on the phosphorylation of troponin subunits 
within the troponin complex by the r subunit and by 
phosphorylase kinase. As expected from previous work (17), 
phosphorylase kinase shows a Ca"^^-dependent preference 
between the two phosphorylated subunits (troponin C was not 
phosphorylated). In the absence of Ca+2 (plus EGTA), more 
phosphate is incorporated into troponin I than into troponin 
T. In the presence of Ca+2, however, phosphorylation of 
troponin I is inhibited relative to phosphorylation of 
troponin T so that nearly 6-fold more phosphate is 
incorporated into troponin T than into troponin I. 
Phosphorylation catalyzed by the r subunit, however, shows no 
Ca+2_dependent change in the proportion of phosphate 
incorporation between the two substrates. At both high and 
low calcium concentrations, the r subunit incorporates 
approximately four times as much phosphate into troponin I 
than into troponin T, a pattern identical to the 
phosphorylation of troponin subunits by holophosphorylase 
kinase in the absence of calcium. 
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TABLE III. Phosphorylation of troponin complex subunits 
Assay mixtures at pH 8.2 for phosphorylase kinase 
and the r subunit were prepared according to 
"Experimental Procedures" with final 
concentrations of 1 mg/ml troponin complex and 
also 2 mM EGTA where noted. Phosphorylase kinase 
concentrations were 100 mM with EGTA present and 
10 nM with no EGTA present, whereas the r subunit 
concentrations were kept constant at 10 nM 
throughout. After 45-min incubations at 30°, the 
reactions were stopped with the addition of SDS 
and 2-mercaptoethanol to final concentrations of 
1% each. Stopped assay mixtures were then 
subjected to SDS-polyacrylamide gel 
electrophoresis. Troponin subunits were 
identified by comparison with protein molecular 
weight standards. Dried gels were subjected to 
autoradiography, and the autoradiograms analysed 
by densitometry. Densitometry peaks 
corresponding to phosphorylated troponin T and 
troponin I were integrated to give the relative 
phosphorylation of the subunits. 
Enzyme Conditions % Phosphorylation® 
Form 
Tn-TO Tn-I° 
Phosphorylase 
Kinase 
0.1 mM CaClg 85 15 
r subunit 0.1 mM CaClg 18 82 
Phosphorylase 
Kinase 
2 
0.1 
11 
EGTA 
CaC 12 
20 80 
r subunit 2 
0.1 II
 
EGTA 
CaClg 
17 83 
®1009s phosphorylation is the total phosphorylation of 
nin T and troponin I per sample. 
°Tn-T, troponin T; Tn-I, troponin I. 
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DISCUSSION 
One of the interesting conclusions obtained with 
characterization of the yS and ayS subunit complexes isolated 
by using LiBr was that the characteristic pH dependence of 
the nonactivated holoenzyme, usually described by the ratio 
of activity at pH 6.8 to activity at pH 8.2, was lost as the 
j3 and a subunits were removed from the active r subunit (6). 
Thus, the pH ratios of the ar<5 and rS subunit complexes were 
0.50-0.60 and 0.90-1.00, respectively, compared with 0.04 for 
the holoenzyme. It was suggested, then, that the a and p 
subunits regulate holoenzyme activity at physiological pH, 
possibly by imposing physical constraints. This model is 
supported by the facts that phosphorylation, as well as 
proteolytic degradation of these subunits activate the kinase 
activity more at pH 6.8 than at pH 8.2 (13). Here, it is 
found that the r subunit, unlike the rS complex, is actually 
pH dependent in the range of pH 6.8 to 8.2 and has a pH ratio 
of 0.5-0.6. It seems that the higher pH ratio of the r5 
subunit complex is due to the effects of the 3 subunit, or 
calmodulin, which activates the r subunit to a greater degree 
at lower pH. Other calmodulin-regulated enzymes, including 
phosphorylase kinase (by exogenous calmodulin) (3) and myosin 
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light-chain kinase (38), are also activated more by 
calmodulin at lower pH's than at higher ones. Thus, the 
removal of calmodulin from the r subunit results in decreased 
activities at lower pH and a pH profile showing pH dependency 
in the range of pH 6.2 to 9.0. 
The results reported here suggest that ADP is a 
competitive inhibitor of the j subunit activity with a Ki of 
60 (jiM. Cheng et al. (15) reported the existence of only two 
ADP binding sites per a0r<5 tetramer, with dissociation 
constants of 2.05 juM and 17.1 nM. One of these sites, 
probably the higher affinity site, is located on the p 
subunit, and it is this site that is thought to be the 
allosteric activating site (15). The other ADP binding site 
evidently is at the substrate binding site on the r subunit 
because of the high affinity that the isolated r subunit has 
for ADP. The difference between the dissociation constant of 
17 /iM determined by equilibrium dialysis (15) and the Ki of 
60 /zM determined in this work presumably is within 
experimental error, considering the different methods used to 
study binding strength, the different enzyme forms used, and 
the slightly different conditions of temperature and buffer 
used. 
Previous studies based on binding patterns of adenine 
nucleotide analogs suggested the possibility of more than one 
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nucleotide binding site on the /3 subunit (39,40), one of 
which was suggested to be a catalytic site (40). Also, 
because the aj-S and subunit complexes isolated from LiBr 
dissociation of phosphorylase kinase had unusually high Km's 
for ATP, it was thought that the binding site for the 
substrate ATP might be located in a cleft between the p and y 
subunits, rather than only within the r subunit (28). Two 
findings of this report argue against a second nucleotide 
binding site on the p subunit, either on the p subunit alone 
or at a site shared with the r subunit. That the y-
calmodulin complex and the y subunit alone both have the 
normally low Km for ATP suggests that the high values found 
for the aj-fi and rô subunit probably were artifacts and that 
the p subunit has no role in binding the substrate, ATP, at 
the r subunit active site. Also, because both ADP binding 
sites have now been assigned, one as an allosteric site 
probably on the p subunit (15) and, the other, at the r 
subunit active site, there should be no other high-affinity 
adenine nucleotide binding sites within the holoensyme. 
As with virtually all kinases, only the metal-bound form 
of ATP can be used as a substrate for phosphorylase kinase. 
However, several investigators have reported effects on 
phosphorylase kinase of divalent metal cations in 
concentrations higher than that needed for complete ATP 
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binding. With MgATP already present, additional free Mg+2 
was stimulatory, whereas Mn*2, Ba"*"^, and Co"^^ were inhibitory 
(14). The stimulatory effect of free was seen as a 
decrease in Km and an increase in Vm for both substrates, 
MgATP and phosphorylase b (32). In addition to effects on 
catalytic efficiency, divalent metal ions also change 
phosphorylase kinase as a substrate for protein 
phosphorylation. Elevated Mg+2 causes additional sites to be 
phosphorylated by cAMP-dependent protein kinase (41), and 
this effect was not attributable to changes in cAMP-dependent 
protein kinase activity, but to changes in the substrate, 
phosphorylase kinase. Autophosphorylation is also modulated 
by divalent metal ions. Both free Mg+2 and free 
stimulate autoactivation (although free Mn+2 inhibits 
phosphorylase b conversion by phosphorylase kinase), and the 
two metal ions also cause changes in subunit phosphorylation 
patterns (42). These results suggest that binding of metal 
ion causes conformational changes within the enzyme. This 
idea is further supported by the synergistic effects of Mg+2 
and Ca+2 on 1) the promotion of an EGTA-insensitive activity 
in phosphorylase kinase (43), 2) the interaction of 
phosphorylase kinase with glycogen (44), and 3) the 
elimination of the lag in both the autophosphorylation 
reaction (30) and in the conversion of phosphorylase b by 
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nonactivated phosphorylase kinase (45). 
The studies just mentioned imply the existence of a 
metal ion binding site or sites on phosphorylase kinase. The 
location of this site has not been determined, but the Ca+2 
binding sites of the <5 subunit (identical to calmodulin) have 
been considered a possibility (1). Several studies have 
reported Mg+2 binding to the four high-affinity Ca+2 binding 
sites on calmodulin (46-49). Kilimann and Heilmeyer (50) 
found that Mg^^ competes with Ca"*"^ on two high-affinity Ca"^^-
binding sites and induces a third site on the 5 subunit, 
whereas Burger et al. (51) found no effect of Mg+2 on the 
affinity of the 5 subunit for Ca+2 at its three Ca+2 binding 
sites. Thus, the effect, if any, of free Mg+2 binding to the 
Ô subunit on affinity of the enzyme for Ca+2 is debatable. 
We have shown here that the <5 subunit is not necessary for 
modulation of r subunit activity by free metal ions. This 
implies that the r subunit itself contains a metal ion 
binding site. Because binding at this site affects r subunit 
activity, free metal ion effects on the activities of other 
forms of the enzyme, such as the jS and ar<5 subunit complexes 
(28), and variously activated forms of the holoenzyme (32) 
may also be mediated by the r subunit metal ion binding site. 
Whether binding at this site is involved in the synergistic 
effects with Ca+2 on phosphorylase kinase or if binding 
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results in a conformational change that is relayed to the « 
and /3 subunits causing changes in their phosphorylatability 
is not known. Other enzymes that are activated by free Mg+2 
in addition to their requirement for MgATP as a substrate 
include pyruvate carboxylase (52) and choline kinase (53). 
In both these systems, free Mg^^ reduces the Km for MgATP, 
and it was postulated for pyruvate carboxylase that Mg^^ 
bound to the enzyme may serve to orient the anionic 
substrate, MgATP (52). 
To further characterize the catalytic activity of the r 
subunit of phosphorylase kinase, we tested several known 
protein substrates of the holoenzyme as substrates for the r 
subunit. Myelin basic protein, /c-casein, isolated troponin 
T, and troponin T and I in the troponin complex were all 
found to be substrates of the r subunit (Tables II and III). 
Also, it was previously shown that the a and p subunits of 
phosphorylase kinase are phosphorylated by LiBr-isolated rô 
(28). Finally, Bollen et al. (54) have shown that peptides 
derived from sites 2 and 3 of glycogen synthase are 
substrates for y-calmodulin. These studies indicate that the 
a and p subunits are not required for phosphorylation of 
these phosphorylase kinase substrates. 
It is interesting that, with the phosphorylation of 
troponin I and troponin T within the troponin complex, the r 
93 
subunit, unlike the holoenzyme, has no Ca+2-dependent 
preference between the two subunits (Table III). Several 
studies involving phosphorylation (37), reactivity of lysine 
side chains to acetimidate (55), and interactions of troponin 
I peptide fragments with troponin C (56,57) have demonstrated 
that troponin C interacts with troponin I near thr-11, the 
major site of phosphorylase kinase phosphorylation of 
troponin I, and also near Ser-118, one of two minor sites of 
phosphorylation by phosphorylase kinase (58-60). The 
interaction between troponin I and troponin C is strengthened 
by calcium, although there is evidence that, even in the 
absence of Ca+2, an interaction occurs (55,56,61). It seems 
reasonable to conclude that the decreased phosphorylation of 
troponin I by phosphorylase kinase in the presence of Ca+2 
seen here and in other studies (17) is because of a Ca^^-
dependent interaction between troponin I and troponin C at or 
near thr-11 that masks this phosphorylation site (37,62). 
However, this scheme does not explain the Ca"*"independent 
phosphorylation of troponin I in the troponin complex by the 
r subunit. Thus, it could be proposed that the effect of 
Ca+2 in troponin I phosphorylation by phosphorylase kinase is 
not a substrate effect, but an effect on phosphorylase kinase 
that is mediated by the presence of the «, p, and/or 5 
subunits. The r subunit alone would not be affected by Ca"^^ 
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in this way, so it phosphorylates troponin I regardless of 
calcium concentrations. Alternatively, the Ca+2 effect may 
be substrate-directed, but the r subunit is insensitive to 
03"^^-dependent changes in the substrate, possibly because of 
a lack of steric hindrance that could block the larger 
holoenzyme from the troponin I phosphorylation site. 
The isolated r subunit has proved useful in clarifying 
some aspects of the structure/function relationships of the 
holoenzyme. The other subunits are not necessary for optimal 
binding of substrates, but they may be important for optimal 
turnover rates. The stimulatory effect of Mg+2 and the 
inhibitory effect of Mn+2 on activity are evident even when 
the other subunits are absent, suggesting the presence of a 
divalent metal cation binding site on the r subunit. 
Finally, two properties of the r subunit support, although 
they do not prove, the existence of only one catalytic site 
per apyg tetramer. First, the r subunit catalytic site is 
evidently one of only two ADP binding sites per tetramer, the 
other being an allosteric site probably on the (3 subunit 
(15). Second, the r subunit alone or in a complex with 
calmodulin phosphorylates most, if not all, of the known 
substrates for holophosphorylase kinase. 
95 
REFERENCES 
1. Pickett-Gies, C. A., and Walsh, D. A. (1986) in The 
Enzymes (Boyer, P. D. and Krebs, E. G., eds.). Vol. 17, pp. 
396-459, Academic Press, New York 
2. Chan, K.-F. J., and Graves, D. J. (1984) in Calcium and 
Cell Function (Cheung, W. Y., éd.). Vol. 5, pp. 1-31, 
Academic Press, New York 
3. Malencik, D. A., and Fischer, E. H. (1982) in Calcium 
and Cell Function (Cheung, W. Y., éd.). Vol. 3, pp. 161-188, 
Academic Press, New York 
4. Shenolikar, S., Cohen, P. T. W., Cohen, P., Nairn, A. 
C., and Perry, S. V. (1979) Eur. J. Biochem. 100, 329-337 
5. Skuster, J. R., Chan, K.-F. J., and Graves, D. J. (1980) 
J. Biol. Chem. 255. 2203-2210 
6. Chan, K.-F. J., and Graves, D. J. (1982) J. Biol. Chem. 
257. 5939-5947 
7. Kee, S. M., and Graves, D. J. (1986) J. Biol. Chem. 261. 
4732-4737 
96 
8. Cohen, P., Burchell, A., Foulkes, J. G., and Cohen, P. 
T. W. (1978) FEES Lett. 92, 287-293 
9. Burger, D., Cox, J. A., Fischer, E. H., and Stein, E. A. 
(1982) Biochem. Biophvs. Res. Commun. 105, 632-638 
10. Grand, R. J. A., Shenolikar, S., and Cohen, P. (1981) 
Eur. J. Biochem. 113, 359-367 
11. Cohen, P. (1973) Eur. J. Biochem. 34, 1-14 
12. Hayakawa, T., Perkins, J. P., and Krebs, E. G. (1973) 
Biochemistry 12, 574-580 
13. Krebs, E. G., Love, D. S., Bratvold, G. E., Trayser, K. 
A., Meyer, W. L., and Fischer, E. H. (1964) Biochemistry 3, 
1022-1033 
14. Clerch, L. B., and Huijing, F. (1972) Biochim. Biophys. 
Acta 268, 654-662 
15. Cheng, A., Fitzgerald, T. J., Carlson, G. M. (1985) J. 
Biol. Chem. 260, 2535-2542 
16. King, M. M., and Carlson, G. M. (1981) Biochemistry 20, 
4387-4393 
17. Kilimann, M. W., and Heilmeyer, L. M. G., Jr. (1982) 
Biochemistry 21, 1735-1739 
97 
18. Fischer, E. H., and Krebs, E. G. (1958) J. Biol. Chem. 
231. 65-71 
19. Crabb, J. W., and Heilmeyer, L. M. J., Jr. (1984) J. 
Biol. Chem. 259, 6346-6350 
20. Zittle, C. A., and Custer, J. H. (1963) J. Dairy Sci. 
46, 1183-1188 
21. Sharma, R. K., and Wang, J. H. (1979) Adv. Cyclic 
Nucleotide Res. 10, 187-198 
22. Gopalakrishna, R. and Anderson, W. B. (1982) Biochem. 
Biophys. Res. Commun. 104 830-836 
23. Kastenschmidt, L. L., Kastenschmidt, J., and Helmreich, 
E. (1968) Biochemistry 7, 3590-3608 
24. Klee, C. B. (1977) Biochemistry 16, 1017-1024 
25. Bradford, M. M. (1976) Anal. Biochem. 12, 248-254 
26. Reimann, E. M., Walsh, D. A., and Krebs, E. G. (1971) J. 
Biol. Chem. 246, 1986-1995 
27. Laemmli, U. K. (1970) Nature 227. 680-685 
28. Chan, K.-F. J., and Graves, D. J. (1982) J. Biol. Chem. 
257. 5948-5955 
98 
29. Graves, D. J. (1983) Methods Enzymol. 99, 268-278 
30. King, M. M., Fitzgerald, T. J., and Carlson, G. M. 
(1983) J. Biol. Chem. 258, 9925-9930 
31. O'Sullivan, W. J., and Smithers, G. W. (1979) Methods 
Enzymol. 63, 294-336 
32. Singh, T. J., Akatsuka, A., and Huang, K.-P. (1982) 
Arch. Biochem. Biophys. 218, 360-368 
33. Grand, R. J. A., and Perry, S. V. (1980) Biochem. J. 
189, 227-240 
34. DePaoli-Roach, A. A., Bingham, E. W., and Roach, P. J. 
(1981) Arch. Biochem. Biophys. 212, 229-236 
35. Stull, J. T., Brostom, C. G., and Krebs, E. G. (1972) 
J. Biol. Chem. 247, 5272-5274 
36. Perry, S, V., and Cole, H. A. (1973) Biochem. J. 131, 
425-428 
37. Perry, S. V., and Cole, H. A. (1974) Biochem. J. 141, 
733-743 
38. Blumenthal, D. K., and Stull, J. T. (1982) Biochemistry 
21, 2386-2391 
99 
39. King, M. M., Carlson, G. M., and Haley, B. E. (1982) J 
Biol. Chem. 257. 14058-14065 
40. Gulyaeva, N. V., Vul'fson, P. L., and Severin, E, S. 
(1977) Biokhimiya 43, 373-381 
41. Singh, T. J., and Wang, J. H. (1977) J. Biol. Chem. 25 
625-632 
42. Hallenbeck, P. C., and Walsh, D. A. (1983) J. Biol. 
Chem. 258, 13493-13501 
43. King, M. M., and Carlson, G. M. (1981) Arch. Biochem. 
Biophys. 209, 517-523 
44. Steiner, R. F., and Marshall, L. (1982) Biochim. 
Biophys. Acta 707, 38-45 
45. King, M. M., and Carlson, G. M. (1981) J. Biol. Chem. 
256, 11058-11064 
46. Haiech, J., Klee, C. B., and Démaillé, J. G. (1981) 
Biochemistry 20, 3890-3897 
47. Wolff, D. J., Poirier, P. G., Brostrom, C. 0., and 
Brostrom, M. A. (1977) J. Biol. Chem. 252, 4108-4117 
48. Seamon, K. B. (1980) Biochemistry 19, 207-215 
100 
49. Crouch, T. H., and Klee, C. B. (1980) Biochemistry 19, 
3692-3698 
50. Kilimann, M., and Heilmeyer, L. M. G., Jr. (1977) Eur. 
J. Biochem. 73, 191-197 
51. Burger, D., Stein, E. A., and Cox, J. A. (1983) J. Biol. 
Chem. 258, 14733-14739 
52. McClure, W. R., Lardy, H. A., and Kneifel, H. P. (1971) 
J. Biol. Chem. 246, 3569-3578 
53. Infante, J. P., and Kinsella, J. E. (1976) Int. J. 
Biochem. 7, 483-496 
54. BoIIen, M., Kee, S. M., Graves, D. J., and Soderling, 
T. R. (1987) Arch. Biochem. Biophys. in press 
55. Moir, A. J. G., Ordidge, M., Grand, R. J. A., Trayer, I. 
P., and Perry, S. V. (1983) Biochem. J. 209, 417-426 
56. Syska, H., Wilkinson, J. M., Grand, R. J. A., and 
Perry, S. V. (1976) Biochem. J. 153, 375-387 
57. Grand, R. J. A., Levine, B. A., and Perry, S. V. (1982) 
Biochem. J. 203, 61-68 
58. Huang, T. S., Bylund, D. B., Stull, J. T., and Krebs, E. 
G. (1974) FEBS Lett. 42, 249-252 
101 
59. Moir, A. J. G., Wilkinson, J. M., and Perry, S. V. 
(1974) FEES Lett. 42. 253-256 
60. Wilkinson, J. M., and Grand, R. J. A. (1975) Biochem. J. 
149. 493-496 
61. Perry, S. V., Cole, H. A., Head, J. F., and Wilson, F, 
J. (1972) Cold Spring Harbor Svmp. Quant. Biol. 37, 251-262 
62. Sperling, J. E., Feldmann, K., Meyer, H., Jahnke, U., 
and Heilmeyer, L. M. G., Jr. (1979) Eur. J. Biochem. 101, 
581-592 
102 
GENERAL DISCUSSION 
It is not surprising that phosphorylase kinase has 
piqued the interest of biochemists for many years. It has 
indeed been an enzyme at the forefront of knowledge in 
several respects. When it was first identified in the mid-
1950s it was the first enzyme known to control another 
enzyme's activity through phosphorylation (4). In 1968 it 
was the first enzyme shown to be phosphorylated and regulated 
by the then newly-discovered enzyme, cAMP-dependent protein 
kinase (6), which has since proved to be an ubiquitous enzyme 
that delivers hormonal messages through its activation by 
cAMP and phosphorylation of a host of protein substrates. 
Consequently, phosphorylase kinase was described as part of a 
classic regulatory pathway that illustrates an important 
concept in metabolism, that of regulation by enzyme cascade. 
Finally, in the late 1970s phosphorylase kinase was one of 
the first enzymes shown to be regulated by calmodulin (25), 
the ubiquitous Ca+^-binding protein that is a major source of 
regulation by Ca+2 in the cell. Phosphorylase kinase was 
found to be unique in calmodulin regulation, however, in that 
it was regulated by calmodulin through two separate mechan­
isms (13). Not only is phosphorylase kinase activity 
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controlled by the Ca"*"^-dependent binding and activation of 
cellular calmodulin, it also has calmodulin as a built in and 
nondissociable part of its structure, the 5 subunit. In 
addition to these intricate regulatory properties of phos-
phorylase kinase, it has a very large and complicated 
structure and a relatively narrow specificity. Thus, the 
attention this enzyme has received seems well-deserved. 
To fully understand how an enzyme as large and complex 
as phosphorylase kinase processes the information in its 
environment to control its activity, studies on a subunit 
level are needed. Simplifying the structure by selectively 
removing regulatory subunits from the catalytic subunit is 
one way of studying this problem. Dissociation of regulatory 
subunit R from catalytic subunit C allows studies on the 
activity of subunit C which can shed some light on the 
regulating mechanisms of subunit R through the absence of its 
controls. If certain regulatory properties are lost, the 
implication is that the absent subunit R is responsible for 
them, or the interaction between subunit R and C is necessary 
for these properties. More specific conclusions can be made 
if subunit C retains certain properties of regulation in the 
absence of subunit R. The strategy of dissociation of the 
phosphorylase kinase subunits to simpler catalytically active 
forms is one our lab has taken to get a clearer picture of 
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the roles of the Individual subunits. 
This work describes the isolation of an active j-
calraodulin species and an active y subunit. The isolation of 
these species made possible the study of the phosphorylase 
kinase activity in the y subunit free of the a, /3, and ô 
regulatory subunits. The results reported here confirm, 
using a totally different method of dissociating phosphoryl­
ase kinase, previous reports that the r subunit has a 
catalytic site (19,20), and demonstrate for the first time 
that the isolated r subunit is active, and that its activity 
is Ca+2-independent, although these conclusions were expected 
from studies of a less well-characterized r subunit 
preparation (27). Thus, the r subunit alone is not regulated 
by phosphorylation, as shown previously (14,53), or by Ca+2, 
probably the two most important physiological regulatory 
factors of phosphorylase kinase. The effects on the r 
subunit activity of two other effectors of the activity of 
the holoenzyme, ADP and divalent metal ions, were also 
studied here. ADP, which binds to an allosteric site 
probably on the |3 subunit and stimulates the activity of the 
holoenzyme (32), inhibits the r subunit activity by competing 
with the substrate, ATP, at the catalytic site. Mg+2 ions, 
which stimulate activity (59) and seem to cause conforma­
tional changes in the holoenzyme (60), also stimulate the 
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isolated r subunit activity. Because the concentration of 
Mg+2 in the cell is thought to be held fairly constant at 
about 4 mM (61), however, Mg*^ may not serve so much as a 
regulator but as a constitutive cofactor that is involved in 
the binding of substrates at the active site. This model 
lacks direct evidence but may be supported by proposed 
similar affects of Mg+2 on other enzymes (62) and by the 
effect of free Mg^^ on the holoenzyme in reducing Km values 
for both substrates (63). 
Except for possibly the effects of Mg+2, the r subunit 
has no known intrinsic regulatory properties. It does, 
however, seem to retain the catalytic properties of the 
holoenzyme. Its affinity for the substrates ATP and phos-
phorylase b is very similar to that of the holoenzyme, and it 
phosphorylates many of the protein substrates of the holoen­
zyme. It has a lower maximal velocity than does the holoen­
zyme, but this may be due to the preparative procedure or the 
lack of stabilizing interactions provided by the other 
subunits. Thus, it seems that phosphorylase kinase is 
constructed in such a way that a totally unregulated cata­
lytic subunit is controlled and harnessed for the efficient 
and multi-dimensional regulation of glycogenolysis by three 
regulatory subunits that are together more than seven times 
larger in molecular weight than the catalytic subunit alone. 
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In addition to providing a way of studying the phos-
phorylase kinase activity free of its regulatory subunits, 
this work has also described a method for preparing a y-
calmodulin species that is very similar to the yd subunit 
complex prepared by the dissociation of the holoenzyme with 
LiBr (19), and probably has a similar or identical interac­
tion between the r subunit and calmodulin as seen in the 
h o l o e n z y m e  b e t w e e n  t h e  y  a n d  ô  s u b u n i t s .  T h e  H P L C - i s o l a t e d  y  
subunit, after reactivation in the presence of Ca+2 and 
calmodulin, is nearly independent of pH in the range of 6.8 
to 9.0, retains 30% of its activity in the absence of Ca+2, 
and is bound to calmodulin in a Ca+2-independent manner, all 
of which were shown to be characteristic of the yd complex. 
Two advantages of the newer method for preparing y-calmodulin 
are that it is much easier and high yields are easily 
o b t a i n e d .  M o r e  i m p o r t a n t l y ,  t h e  i n t e r a c t i o n  b e t w e e n  t h e  y  
subunit and calmodulin (or the ô subunit) can now be thorou­
ghly examined because the effects on reactivation with the 
modified y subunit or calmodulin can be determined. The 
interaction between calmodulin and most of its regulated 
enzymes is Ca^^-dependent. The y subunit is consistent with 
other calmodulin-regulated enzymes in that its initial 
interaction with calmodulin is Ca"*"^-dependent, as seen with 
the reactivation process and the stimulation of the isolated 
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active y subunit by calmodulin. The removal of Ca'*'^, 
however, does not cause dissociation of r and calmodulin, 
which is unusual among calmodulin-regulated enzymes. 
Recently, the interaction on the molecular level of calmod­
ulin and its target proteins has been the subject of several 
studies (64-67). Hydrophobic and ionic interactions seem 
both to be important for binding, and binding regions of the 
target proteins may be in the form of basic amphophilic 
helixes. Both hydrophobic and ionic interactions seem to be 
important for the binding of calmodulin to the r subunit, 
inasmuch as the detergent Triton X-100 and high Tris concen­
trations, along with EGTA, were effective in causing disso­
ciation. The unusual strength of the y-calmodulin bond 
implies, however, that either a larger binding region or 
regions is involved, or additional binding of a different 
type is involved, or both. The study of this interaction 
could contribute valuable information on the mechanism of 
calmodulin binding to enzymes. The reactivation of HPLC-
isolated j subunit with calmodulin seems to be an excellent 
means of examining this interaction. 
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